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FOREWORD 


i é i i i ining Metallurgical Engineers, 
This, the 185th volume of the Transactions of the American Institute of Mining and M ‘ L 
gontains. publications, in new format, of the Metals Branch, and represents another milestone in es pana 
and technology of metals. For the first time the technical papers of the three metals divisions (Institu 
Metals, Iron and Steel, and Extractive Metallurgy) are presented in a unit. 


jori i i 1 itates the 
The majority of members will appreciate the fact that the vast number of technical papers necess1 
most sunnentieal tout of publication. Moreover, by this method members obtain at approximately the aya of 
one volume what was previously published in three. In this period of rapid technologic developments, having 
available the papers in related fields is of inestimable value. 


‘ : : i i icular 
The discussions are grouped in two sections of the volume. The location of the discussion of a particu 

paper is listed immediately following the title of that paper in the table of contents. It was not Pe pe 
lish the discussions of the papers presented at the 1948 IMD Fall Meeting in Volume 180 (1949 I.M. 5 S mere 
due to the mechanics inherent in the change of page size. These discussions may be found on pages 297 to a 
of this volume. The discussion of 1949 Annual Meeting papers of all three divisions are on pages. 826 to Eee: 
Discussion of papers presented at the 1949 Fall Meetings and 1950 Annual Meeting will appear in the 
Transactions Volume 188 


The breadth of scope of the papers from the three metals divisions, which ranges from the highly theo- 
retical to the very Pacis, is Srsunpaeeed by any other publication in the metallurgical field. It is eratityime 
to note the high quality of research and development being carried out in the laboratories and plants 0 3 
country. The knowledge made available and the stimulation provided by publication are definite assurances 0 
continued progress. 


I would like to express my sincerest thanks to the officers of the divisions, members of the publication an 
program committees, ana the headquarters staff, who have worked so unstintedly to produce this outstanding 
metallurgical volume. Special words of appreciation should be given to the newly formed Extractive Metal- 
lurgy Division which in a single year has become a lusty member of the Metals Branch. 


A. A. Smitu, JR., Chairman 
es ae : Metals Branch A.I.M.E. 
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The Morenci Smelter of Phelps 


Dodge Corporation at 


L. L. McDANIEL,* Member AIME 


CopreR smelters of various kinds 
have operated in the Morenci district 
since 1872, but all have been aban- 
doned with the exception of the present 
Morenci Smelter of Phelps Dodge 
Corporation, which was completed in 
1942. 

During the five-year period starting 
in 1937, the Morenci ore body was pre- 
pared for open pit mining, pilot mill 
test work was carried out, and a com- 
plete reduction works, of which the 
Smelter is a part, was designed and 
erected. Actual construction work on 
the Morenci Smelter was started in the 
fall of 1940, and warming up of the 
units began on April 1, 1942. Charging 
of the reverberatory furnaces com- 
menced on April 18, 1942, and the first 
anode copper was produced on April 
26, 1942. 

The smelter was originally designed 
to handle the production of the Morenci 
Concentrator on a 25,000 ton per day 
program, but by the time the smelter 
was in operation, plans were already 
underway to increase the smelter 
capacity to handle the production of 
the concentrator which was being en- 
larged to 45,000 tons a day capacity as 
a war-time necessity. This extension to 
the smelter was completed and the new 
units were put in operation toward the 
beginning of 1944. 

The original smelter consisted of a 
smelter crushing plant, bedding plant, 
two direct-smelting reverberatory fur- 
naces with two waste-heat boilers on 
each furnace, three converters, an 
anode department, a stack, and all of 
the usual accessory smelting equip- 
ment. The extension consisted of in- 
creasing the bedding plant from three 
to five beds, the reverberatory depart- 
ment from two to four furnaces, and 
from four to eight waste-heat boilers, 
and the converter department from 
‘three to six converters. A third con- 
verter aisle crane was added and 
additions were made to the flue systems 
and conveyor systems throughout the 
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smelter; but no change was made in the 
smelter crushing plant or the anode 
department, and the same stack was 
used for all additional Smelter units. 
A blister casting machine was installed 
at that time in the south end of the con- 
verter aisle to handle excess and emer- 
gency production above the capacity 
of the anode department and in 1947 
a converter aisle skull breaker and a 
lime burning plant were added as the 
final units for a complete plant. 

The choice of direct smelting over 
calcine smelting for the Morenci 
Smelter was made after careful study 
by members of the Western organiza- 
tion of Phelps Dodge Corporation and 
after test runs on direct smelting of 
Morenci concentrate had been made 
at the Douglas Smelter of Phelps 
Dodge Corporation. The Morenci fur- 
nace charge is made up,of compara- 
tively high grade concentrate with no 
ores of smelting grade available and 
with only flux, a small amount of 
copper precipitate and the usual 
amount of smelter secondaries to be 
smelted with the concentrate. The 
simplicity of direct smelting for this 
charge and the large amount of waste- 
heat steam available from direct smelt- 
ing operations were factors influencing 
the decision to adopt direct smelting for 
Morenci. The design of the Morenci 
Smelter and the type of units selected 
followed best experience at the Douglas 
Smelter of Phelps Dodge Corporation. 

A description of the original smelter 
before operations started was given in 
an article in the May 1942 issue of 
Mining and Metallurgy. The purpose of 
the present article is to describe the 
enlarged Morenci Smelter, with a dis- 
cussion of metallurgy and operating 
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practice and to show tabulations of 
operating and metallurgical results ob- 
tained. Because of beginning operations 
during the early years of World War II, 
many problems caused by labor short- 
age were encountered, but no major 
difficulties developed in starting the 
new plant. However, because of labor 
shortage, full scale Smelter production 
was not reached until the fall of 1946. 

Fig 1 shows a general plan of the 
Morenci Reduction Works. The ar- 
rangement of the smelter equipment is 
shown in Fig 2, a sectional view of the 
smelter is shown in Fig 3, and the 
smelter flow sheet is shown in Fig 4. 


Metallurgy 


The metallurgy of direct smelting, 
being more or less fixed by the charac- 
ter of the charge, is not subject to the 
control available in calcine smelting. 
Slags may be modified by the addition 
of suitable fluxes, but the grade of the 
matte is determined almost entirely by 
the iron:copper ratio of the concentrate. 

The direct smelting operation in- 
volves distributing the wet concentrate 
along the sidewalls and in the bath of a 
reverberatory furnace by means of some 
suitable feeding device and raising the 
temperature of the charge so that first 
the moisture is driven off, then the first- 
atom sulphur is eliminated, and finally 
the sulphide portion of the charge melts 
and runs into the bath, carrying with it 
the non-sulphide portion which has 
been partially fluxed to form a suitable 
slag. The fusion of the non-sulphide 
portion is completed by contact with 
the irony converter slag which is regu- 
larly being poured into the reverbera- 
tory furnace. The smelting rate of the 
charge is influenced by the mineralogi- 
cal composition of the sulphide portion 
of the concentrate and by the composi- 
tion and amount of the non-sulphide 
portion including the fluxes added. 

The copper in Morenci concentrate 
is chiefly in the form of chalcocite, in- 
timately associated with pyrite, and 
non-sulphide content is very low so that 
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the main problem of the smelter is in 
fluxing and eliminating iron. The cop- 
per content of the Morenci concentrate 
increased appreciably, and the iron 
content decreased during the first few 
years of operation. Smelter metallurgy 
improved correspondingly as the iron 
burden was lessened and the converters 
were relieved of part of their work. The 
concentrate is graded upward 7.0 to 8.0 
units of copper in forming matte, the 
amount being influenced somewhat by 
the quantity of precipitate on the 
charge. 

There is no metal bearing siliceous 
flux readily available in the Morenci 
district and ore from the Open Pit 
mining operation is too high in alumina 
to be used alone. It has been necessary 
therefore, to mine a barren quartzite 
for use in modifying furnace slags. This 
is also used in adjusting the silica: 
alumina ratio of the Pit ore used for 
converter flux to prevent the formation 
of excessive amounts of magnetite in 
converter slags. Limerock is used to 
flux the non-sulphide content of the 
concentrate, and at times, additional 
limerock and quartzite are added to the 
bedded concentrate to reduce the 
moisture content of the furnace feed. 

The make-up of the furnace charge 
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FIG 1—General plan of Morenci reduction works. 


is usually quite uniform although at 
times other material has been smelted. 
In 1943 and 1944 a large amount of 
clean-up material from an old smelter 
in the district was crushed and smelted 
in the reverberatory furnaces, and 
during early operations at the smelter a 
large quantity of reverts accumulated 
in the converter aisle which eventually 
were crushed and smelted with the 
reverberatory furnace charge. At the 
present time most of the converter 
reverts are smelted directly in the con- 
verters and any excess is crushed and 
added to the converter flux to modify 
the high silica content resulting from 
the use of barren quartzite. Foul slag 
from the reverberatory furnaces is also 
crushed and added to the converter flux 
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for this purpose. Crushing of reverts 
and foul slag is done simultaneously 
with the barren quartzite to insure a 
good mixture. 

The dry weight of concentrate re- 
ceived at the smelter is calculated by 
the concentrator from actual weightom- 
eter weights of feed to the ball mills and 
assays of automatic samples of feed, 
tailings and concentrate. This method 
has been very reliable over a consider- 
able period of time. The moisture 
content of the concentrate is deter- 
mined by sampling as the concentrate 
leaves the filter plant. 

Smelter slag, stack and mechanical 
losses are shown in Table 1. Stack loss 
tests are made regularly and reverbera- 
tory slags are sampled at the furnace 


Table 1. . . Losses Expressed as Parcent of Input 


SE SS eee ee ee 
Copper Silver Gold 
Stack and Stack and Stack and 
Slag Mechanical Total Slag Mechanical Total | Slag Mechanical Total 
1942 1.41 0.52 1.93 1.74 0.51 225 Pe ie 0.01 2513 
1943 1.50 0.69 2.19 1.65 basil 4.36 2.87 0.55 3.42 
1944 1.42 0.81 a 2e23 1.28 0.73 2.01 1.38 |: 0.45% 0.93 
1945 ie22 0.62; 1.84 1.09 1.38 2.47 1.40 0. 74* 0.66 
1946 Lyle 0.94 2.06 0.99 0.89 1.88 1.03 0.30* 0.73 
1947 1.20 0.83 2.03 1.02 1.01 2.03 2S) 0.70* 0.55 
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and onthe dump. Anode copper is 
weighed and sampled at the refinery for 
final settlement. 

Results have shown that direct 
smelting of Morenci concentrate has 
proved successful with a concentrate 
grade above 25.0 pct copper and an 
iron:copper ratio of about 1.00, and 
that smelter equipment and arrange- 
ment have been satisfactory. Produc- 
tion figures for the total plant are 
shown in Table 2. In all tabulations in 
this paper figures for 1946 are based on 
8.4839 months operating time because 
of a general strike in the industry which 
caused a shut-down that year. 


Smelter Crushing Plant and 
Lime Burning Plant 


The smelter crushing plant was de- 
signed to crush Pit ore and siliceous ore 
for converter flux and limerock and 
siliceous ore for reverberatory flux, as 
well as smelter reverts and miscellane- 
ous material required in smelter opera- 
tions. The crushing plant was also 
designed to crush limerock for a lime 
burning plant which is operated by the 
smelter organization to produce burned 
lime for the Concentrator. 

_In order to eliminate crushing of 
large sized material from open pit 
shovel mining operations, Pit ore 


FIG 2—Avrrangement of smelter equipment. 


crushed to 34 in. is drawn from the fine 
ore bins at the concentrator into 40 yd 
side dump railroad cars and hauled to 
the smelter crushing plant and then 
conveyed to converter flux bins in the 
bedding plant without further crush- 
ings. Barren quartzite is mined in a 
quarry near the Reduction Works and 
trucked to the smelter crushing plant. 
Truck haulage is to be replaced by rail 
haulage at a later date. Limerock is 
mined in a quarry near the Open Pit 
Mine, trucked for a short distance, and 
loaded into side dump railroad cars for 
haulage to the smelter crushing plant. 

The 100-ton receiving bin in the 
smelter crushing plant is served by 
railroad cars or trucks and the material 
is fed by a 48-in. pan feeder directly 
into a 36- X 48-in. jaw crusher. The 
4-in. product of the jaw crusher passes 
over a 5- X 10-ft mechanically vi- 
brated rod deck screen with 1¢-in. 
opening, the oversize feeding directly 


into a 7-ft standard cone crusher with 
14%-in. setting. This loose setting is 
required because of crushing smelter 
reverts containing metallic copper. The 
combined product of the 7-ft standard 
crusher and screen passes over another 
5- X 10-ft rod deck screen with 14-in. 
opening, the oversize falling into a 4-ft 
shorthead cone crusher which is in 
closed circuit with the screen. 

In the case of Pit ore and siliceous 
ore used for converter flux the material 
by-passes the 4-ft shorthead crusher 
and goes directly to the 5,000 ton 
storage bins at the end of the bedding 
plant. Limerock for flux and other 
material which is crushed to 1% in. in 
the shorthead crusher may be delivered 
either to sections of the storage bins or 
directly to the beds. The material leay- 
ing the crushing plant is sampled by an 
automatic sampler in a sample tower, 
which takes a 10 pct cut. The material 
so far sampled has been barren flux and 


Table 2... . Operating Data Total Plant 


Actual Production 


Average per Month Pct C I t Power Used Kw H 
Tons N.M.B.M. OU Op ber pu Average Month ae 
mreated N.M.B.M. Salable Copper Per Ton N.M.B.M. 
— 

1942 29,981 18.02 10,439,844 57.90 
1943 36,948 18.58 13,276,948 62.26 
1944 35,194 21.31 14,702,658 82.68 
1945 32,579 24.00 15,335,529 15.22 
1946 41,559 24.90 20,204,926 68.41 
1947 51 906 24.29 24,708,705 64.77 
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no information has been obtained on 
operation of the sampling equipment. 

Limerock for the lime burning kiln 
by-passes the shorthead crusher and is 
delivered to a 5- X 10-ft rod deck 
screen with 14-in. opening in the 
sample tower, from which the under- 
size goes to the bedding plant storage 
bins and the oversize goes to the lime 
burning plant 1,000-ton capacity stor- 
age bin. Limerock from this storage bin 
is delivered by belt conveyor to the 
275-ft rotary lime burning kiln which 
is fired with natural gas and produces 
100 tons of burned lime per day. 

A lime hydrating plant using a ball 
mill and classifier for preparation of 
milk of lime for the Concentrator ad- 
joins the smelter crushing plant and 
receives burned lime from the 900 ton 
storage bin at the discharge end of the 
lime kiln. Milk of lime is pumped to the 
Concentrator through a 10-in. pipe. 

The smelter crushing plant, sample 
tower, lime plant and storage bins are 
provided with dust control systems 
using wet collectors for the exhaust 
from the fans. 


Bedding and 
Reelaiming Plant 


The bedding plant serves a two-fold 
purpose: (1) It smooths out daily 
variations in concentrate composition 
so that furnace metallurgy and matte 
grade will be more uniform and, (2) it 
provides storage capacity to take care 
of interruptions to operations in either 
the Smelter or the Concentrator. 

There are five beds, completely 
enclosed to prevent wind losses. The 
beds are 66 ft wide and 300 ft long with 
an effective bedding area of 50 X 250 ft 
which gives a capacity of 5,000 tons of 
concentrate each. Concentrate from the 
filter plant is delivered by two con- 
veyor belts in parallel onto cross- 
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FIG 3—Sectional view of smelter. 


conveyors over each of the beds where 
the concentrate is automatically dis- 
tributed from one end of the bed to the 
other by motor driven tripper cars. 
After a bed has been completed and 
analysis made, the proper amount of 
limerock and siliceous ore flux is re- 
moved from the storage bins and di- 
verted by means of a shuttle conveyor 
in the junction house, which is a dis- 
tribution point, to one of the conveyors 
from the filter plant. The flux is de- 
livered from this conveyor to the over- 
head conveyor above the bed and 
distributed over the concentrate on the 
bed. Flux may also be diverted directly 
from the smelter crushing plant to the 
cross conveyors over the beds. A bin in 
the junction house is provided with a 
belt feeder to handle copper precipitate 
and cleanup material from the smelter 
and feed it onto the concentrate con- 
veyor delivering to the beds. Flue dust 
from a pug mill is also added to this 
conveyor in the junction house. 

The final bedded mixture of concen- 
trate and flux is removed by a re- 
claiming machine working into one end 
of a bed and plowing across the face and 
delivering the mixture onto a belt 
conveyor in a trench along the side of 
the bed. The reclaiming rate is about 
150 tons per hr. There are two reclaim- 
ing machines which can be moved to 
any bed by means of a transfer car. 
This method of bedding and reclaiming 
furnace charge provides great flexibility 
in fluxing the charge and results in a 
very nearly perfect mixture of the 
charge for the furnaces. 

The furnace charge, which is dropped 
on the trench belt by the reclaiming 
machine, is delivered through the 
junction house onto an inclined belt 
conveyor which transports the mate- 
rial across the converter aisle to a cross 
conveyor and then to two 265-ton bins 
above each reverberatory furnace. 


i) 


Small sections of these bins are also 
used for siliceous material for fettling. 
The same conveyor belt system is used 
to remove converter flux from the 
storage bins and deliver it to 250-ton 
bins above each converter. Clay for a 
mud mill and quartz for a slurry mill are 
also delivered to bins on the reverbera- 
tory floor by this belt system. 
Twenty-inch conveyor belts are used 
on all overhead receiving conveyors and 
24-in. conveyor belts are used on the 
reclaiming system delivering material 
from the beds to the smelter. All belt 
conveyors are provided with dust col- 
lecting systems at transfer points in the 
junction house and at the top of the 
smelter building. In addition, the con- 
veyor gallery above the converter flux 
bins is kept under slight pressure by a 
ventilating system delivering 75,000 
cfm of fresh air, which keeps the gal- 
lery free from smoke and reduces tem- 
perature for the comfort of workmen 
and protection of the conveyor belting. 
A similar installation in the conveyor 
gallery over the reverberatory furnace 
bins discharges 100,000 cfm of fresh air. 


Reverberatory Furnaces 


The four direct-smelting reverbera- 
tory furnaces are located on a block of 
unexcavated ground 15 ft above the 
surrounding yard level. Furnace foun- 
dations are formed of heavy, re-in- 
forced concrete in a monolithic band 
around the furnace. Concrete beams 
were placed between the furnaces, 
which are on 70-ft centers, and the 
outer walls of the foundations on No. 1 
and No. 4 furnaces were carried down- 
ward an additional 8 ft to prevent 
bending of the longitudinal sections by 
expansion pressures. 

After the concrete foundations for 
the furnaces were poured and the rods 
for the end steel bindings were in place 
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slag bottoms were poured in the fur- 
‘maces to seal the conglomerate subsoil 
and to anchor the end steel bindings. 
Slag for the first two furnace bottoms 
was melted in a small natural-gas fired 
reverberatory furnace located between 
the two furnace foundations. An 
abandoned reverberatory furnace at 
an old smelter in the district was dis- 
mantled and the brick and steel were 
used to build the 14 x 50 ft slag melt- 
ing furnace. Crushed blast furnace slag 
was obtained from a slag dump from 
previous operations in the Morenci 
District and the slag was hauled to the 
furnace site in trucks and charged into 
the small furnace with a grab bucket on 
the boom of a motor crane. Slag was 
tapped in about 30-ton lots into 
launders leading into the furnace bot- 
toms. The depth of slag poured in the 
end sections of the bottoms was 8 ft 
and in the middle sections 4 ft. The 
slag remained partly liquid underneath 
the crust between pours and the final 
block of slag was dense and relatively 
free from cracks. About 1200 tons of 
slag was poured in each bottom. Slag 
for the bottoms of the last two re- 
verberatory furnaces constructed, No. 
3 and No. 4, was run directly from 
No. 2 reverberatory furnace through 
launders to the new furnace bottoms. 

An attempt was made to fuse in the 
final furnace bottoms for the first two 
furnaces with 24 in. of crushed silica at 
the time the furnaces were started up. 
However, as soon as charging of the 
furnaces began, the silica bottoms in 
both furnaces came up and were lost. 
The bottoms floated shortly after 
charging was started and as soon as 
sufficient matte had accumulated to 
penetrate beneath the bottom and 
force it up. 

The loss of the silica bottoms occa- 
sioned no serious delay to operation, 
and it developed that the furnaces 
operated very satisfactorily without 
the silica bottoms and with a deep bath 
of matte resting directly upon the 
original slag bottom that was poured 
into the furnace at the time the fur- 
naces were constructed. There was no 
noticeable effect on the furnace founda- 
tions from the deep bath of matte, and 
the bath of matte actually aided in 
smelting the charge. It was therefore 
decided to build the two new furnaces, 
No. 3 and No. 4, without silica bottoms 
and with the poured slag bottoms at 
approximately the same elevation as in 
the first furnaces, that is, about 24 in. 
below the matte tap holes. This was 
done and these slag bottoms in all fur- 
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naces have been very successful. How- 
ever, the deep bath of matte below the 
tap hole has not proved advantageous 
over a period of time because of lack of 
circulation of the matte. The bottom 
soon fills up with magnetite to the ele- 
vation of the tap holes and it is there- 
fore the present practice when digging 
out a furnace to leave the bottom at an 
elevation only a few inches below the 
tap hole. 

Structural details of the furnaces are 
shown in Fig 5. The furnaces measure 
31 ft 3 in. X 110 ft 0 in. from face to 
face of buckstays and 25 ft 6 in. x 102 
ft 6 in. inside the brickwork at the nor- 
mal slag line. All steel bindings are of 
exceptionally heavy construction. 


The furnace arches, sidewalls and 
endwalls are made of silica brick. The 
bridgewall and front walls are faced 
with chemically bonded magnesite 
brick and there is a band of magnesite 
brick completely around the furnace 
walls, constituting a crucible below the 
metal line. The furnace uptakes and 
cross-overs to the boilers are largely of 
suspended brick construction, with 
high alumina fire brick in the walls and 
magnesite brick in the arches. Dampers 
of light weight insulating brick and 
alloy steel construction are suspended 
above the cross-overs for use between 
the furnace and the boiler. 

The 20 in. silica brick arches of the 
reverberatory furnaces have shown 


FIG 4—Smelter flowsheet. 


Concentrate from filter plant 

Flux from Tse hie crushing plant 

Flux storage bins c 

Flux to converters and bedding plant 

Bedding plant (5 beds, 5000 tons each) 

Mixed charge to reverberatories 

Reverberatory furnaces (4 furnaces, 25 ft 
6 in. by 102 ft. 6 in.) 

Matte ts converters 

Slag to dum 

eonveriers (6 converters, 13 by 30 ft) 

Converter slag to reverberatories 

Molten blister to anode furnaces 

Anode furnaces (2 furnaces, 13 by 25 ft) 

14 Poles 
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15 Slag to converters ; 

16 Casting wheel (40 ft diam) 

17 Anodes to refinery 5 

18 Waste heat boilers (8 boilers, 1143 hp each) 

19 Waste heat steam to power house 

20 Converter balloon flue (18 ft diam) 

21 Reverberatory balloon flue (15 ft diam) 

22 Multiclone dust collectors (10 sections on 
converter gases) 

23 Multiclone by-pass flue 

24 Multiclone outlet flue : ; 

25 Stack (reinforced concrete 603 ft 2 in. 39 id 
bottom, 24 ft id top) 

26 Dust handling system — 

27 Pug mill dust conditioning plant 


good life under direct smelting condi- 
tions, and all of the original arches were 
still in place at the end of the first 414 
yr of operation, with No. 2 and No. 3 
furnaces each having smelted around 
400,000 tons of charge and No. 1 fur- 
nace, 600,000 tons of charge at that 
point. Furnace campaigns average 2 to 
214 yr and major repairs consist of 
digging out the bottom by blasting and 
slushing and making repairs to brick- 
work in the bridgewall, sidewalls, front 
wall and uptakes and cross-over arches. 
In the future, greater repairs to the 
main arches are anticipated because of 
greater length of service. All silica 
arches and sidewalls are maintained by 
the slurry gun patching method devel- 
oped at United Verde Branch of the 
Phelps Dodge Corporation. A slurry 
preparation plant using a6 x 12 ft ball 
mill is located at the north end of the 
reverberatory floor. 

Furnace charge is removed from the 
265-ton bins above each side of the 
furnace by 54-in. pan feeders which 
discharge into drag chain conveyors. 
The conveyors are 80 ft long with 
spring gate openings in the box every 
4 ft which discharge into hoppers and 
then into 8-in. charge pipes leading into 
the furnace. 

The furnaces originally were 
equipped with vibrating conveyors, 
which worked satisfactorily as long as 
the moisture content of the charge did 
not exceed the critical point of the vi- 
brators. The moisture content of the 
concentrate from the filter plant is con- 
siderably higher than this point and 
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Table 3. . . Reverberatory Furnace Data (Dry Tons Basis) 
ee aaihincenetet nab iahnnbintitd bev icilnlanin i ea 


1942 1943 1944 1945 1946 1947 
Concentrates... hen ee 214,497 | 355,365 | 365,923 | 346,183 | 316,302 | 550,979 
Precipitates. © «« Pherstes cee arta 3,431 6,391 2,231 1,014 738 644 
Lamierock 26 ..cccrns aoe ree 9,385 Wire 15,407 18,013 24,832 38,900 
it! Ore. cob iid steht ohne 4.705 4,851 ee 
Sire We hip ids ote Shae ee ee 2,088 14,974 7,742 17,823 14,823 38,667 
Reverts and Cleanup.............. 5,643 13,079 30,642 10,642 8,232 5,007 
TotalisoidiGharge see. lee eee 239,749 | 413,809 | 421,945 | 393,675 | 364,927 | 634,197 
Furnace: Days stein. cn chee rere 500 706 829 ae 596 1,095 
Solidi Ghee Reem D ayn cc... eee 479 586 509 545 612 579 
Mil Btusper ton’ Chg... 5...) eee 5.968 6.539 6.828 6.505 6.270 6.143 
Mil) Btu-per: Ton Net. 15.8. seen 2.670 25851 3.039 2.958 2.960 2.844 
Converteriplagan:: 0.0. aero 174,274 269,138 248,076 213,306 211,721 353,431 
Reverberatory Slag............+--. 174,108 292,309 279,450 248,769 228,565 409,994 
Reverberatory Matte.............. 195,755 | 317,579 | 319,101 | 289,524 | 272,061 | 450,680 
Lb Steam per Ton Concent......... 3,408 3,980 3,932 3,668 3,387 3,394 
Pct Waste-heat Recovery.........- 55.6 56.4 55:5 54.5 52.8 Estar 
Pet)Boiler Ratmeroteen acti sae 81.4 119.4 101.9 102.8 107.1 101.6 
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even after it is lowered by flux addi- 
tions and by some drying on the beds, 
the moisture is still close to the critical 
limit; and when this limit is exceeded 
trouble is encountered with the vibra- 
tors. For this reason the decision was 
made to replace all vibrating conveyors 
with drag chains, but because of delay 
in delivery of material for full length 
drag chain conveyors it was necessary 
to make the installation in two stages, 
the first being short sections of drag 
chain under the pan feeders which de- 
livered onto the remaining sections of 
vibrating conveyor. Electrical controls 
for drag chains and other furnace 
equipment are housed in two control 
rooms 15 ft above the floor level. 

The furnaces are usually charged 
four or five times a shift, the charge 
being distributed evenly over the 
charge banks from both drag chains 
simultaneously. It is desirable to have 
some of the charge run out into the 
bath in the center channel of the fur- 
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nace, thus exposing greater area to the 
combustion flame and to the hot bath 
in the furnace and providing better 
contact with liquid converter slag for 
the reduction of magnetite. If the wet 
charge in the bath becomes too heavy, 
it is forced down through the slag and 
comes in contact with the matte and an 
explosion occurs. Mild explosions are 
normal and are desirable because they 
tend to bring more of the charge in 
contact with the hot bath, which in- 
creases the smelting rate; but at times 
the explosions may be rather violent 
and may be hazardous to men working 
around openings in the furnace or 
boilers and may cause damage to fur- 
nace arches. It is the practice at 
Morenci to attempt to minimize the 
force of the explosions by keeping 
the charge banks well filled so that too 
much charge does not run out into the 
bath in one place. It is also the practice 
to keep tie rods tight and to use steel 
props on the arch to prevent movement. 
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FIG 5—Longitudinal and cross-sectional views of reverberatory furnace brickwork. 
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The reverberatory furnaces are fired 
with natural gas and originally were 
equipped with eight panels of multiple 
jet burners on each furnace, spaced 
across the bridgewall with suspended 
arch construction above the burners. 
These burners gave satisfactory results, 
provided the capacity of the burner 
was not exceeded, but the burners were 
very difficult to keep clean because of 
the explosions in the furnace which 
plugged the burner ports with charge 
and slag and made control difficult. 
For this reason and also in order to im- 
prove combustion efficiency at higher 
rates of gas burning a change was made 
to high pressure burners which enter 
the bridgewall through large pipes. 
With large pipes there is less tendency 
for the burners to become fouled during 
explosions and combustion control and 
efficiency are better. The high pressure 
burners cause somewhat greater arch 
corrosion as a result of greater turbu- 
lence in the combustion zone, but this is 
not serious and simply requires greater 
attention to arch maintenance with the 
slurry gun. 

Natural gas from the New Mexico 
fields is delivered to the plant by pipe 
line under 300-lb pressure and is then 
reduced to suitable pressure for use as 
fuel in the reverberatory furnaces and 
boilers. Stand-by fuel oil equipment 
including heaters, pumps and steam 
atomizing burners has been provided 
for emergency use and has been used a 
few times during interruptions to 
natural gas deliveries. 

The natural gas contains about 1100 
Btu per cu ft and gas pressure at the 
burners averages 37 psi, controlled by 
very sensitive pilot loaded regulators. 
About 140,000 cfhr of gas is burned in 
each furnace. Furnace combustion is 
controlled by frequent analysis of com- 
bustion gases with an Orsat apparatus 
on day shift at a sampling point 75 ft 
from the bridgewall. Close control of 
furnace draft is essential to proper 
combustion and the draft is regulated 
by automatic dampers back of each 
waste-heat boiler. Secondary air is 
largely excluded from the furnace, al- 
though some secondary air infiltration 
is unavoidable and is used to complete 
the combustion of the natural gas and 
to burn a small amount of elemental 
sulphur. No attempt is made to provide 
excess air for the complete combustion 
of volatilized first-atom sulphur, as 
calculations indicate this to be uneco- 
nomical. Some sulphur vapor is burned 
in the furnace, furnace uptakes and 
boilers, however. 


Table 4. . . Analysis of Reverberatory Solid Charge 


Au Ag Cu SiOe Al2O3 Fe CaO Ss H:20 
1942 0.015 0.58 20.98 6.2 1.8 28.1 2.4 7.2 
1943 0.014 0.73 20.49 8.4 1.9 26.8 2.7 35.3 Hee 
1944. 0.017 0.86 22.49 7.2 ae 27.8 2.0 34.8 8.09 
1945 0.018 1.01 24.35 7.8 1.5 25.1 2.6 34.4 8.55 
1946 0.017 0.99 24.55 8.5 17 23.7 3.4 33.4 8.43 
1947 0.015 1.00 24.10 10.4. 1.8 23.1 3.2 32.8 9.04 


Some trouble has been encountered 
with magnetite building up in the re- 
verberatory furnace bottoms. The only 
source of magnetite is through con- 
verter slag additions to the reverbera- 
tory furnace, but control of magnetite 
at the converters is difficult because of 
the high alumina content of the con- 
verter flux. Magnetite in the bath of 
the reverberatory furnace is partly re- 
duced by contact with sulphides and 
if free silica is available to combine with 
the resulting ferrous oxide, magnetite 
can be fairly well controlled. If free 
silica is introduced with the charge the 
smelting rate of the charge is affected 
adversely and a practice has been 


each bed and amounts to 70 to 75 pet 
of the solid charge, or 80 to 85 pct of 
the concentrate smelted. Matte is 
tapped through either of three tap 
holes on each side of the furnace at the 
bridgewall end, opposite tap holes 
being used on alternate shifts to allow 
time for cleaning launders. The matte 
runs through brick and clay lined 
launders into 200-cu ft cast steel ladles 
in the Converter aisle. Two wet pan 
mills for the preparation of clay for 
stoppers and launder lining are located 
at the north end of the reverberatory 
floor. 

Furnace slag is removed from the 
side of the furnace near the uptake end, 


Table 5... Analysis of Concentrate Smelted 


Au Ag Cu SiOz | ALO; Fe CaO S 
1942 0.0157 | 0.618 | 21.20 2.8 14 30.8 0.3 41.2 
1943 0.0156 |-0.806 | 21.35 4.3 1.3 30.3 0.3 40.9 
1944 0.0175 | 0.932 | 23.86 46 14 29.5 01 38.8 
1945 0.0200 | 1.180 | 26.79 3.8 1.3 28.1 0.2 38.8 
1946 0.0190 | 1.126 | 27.49 4.7 15 26.6 orl 38.3 
1947 0.0172 | 1.132 | 27.24 5.4 i 26.2 0.1 37.6 
Table 6. . . Analysis of Reverberatory Slag 
Au Ag Cu Sion |) SNbos FeO Cad S ee 
1942 | 0.00041 | 0.0140} 0.39 | 33.6 8.2 50.7 3.3 1.7 1.78 
1943 | 0.00057 | 0.0165 | 0.42 | 34.1 8.5 49.1 3.7 13 1.85 
1944 | 0.00034 | 0.0160 | 0.46 | 33.5 7.3 51.3 2.9 1.5 1.73 
1945 | 0.00040 | 0.0170 | 0.46 | 34.2 6.7 51.4 33 1.4 1.72 
1946 | 0.00027 | 0.0155 | 0.43 | 35.2 6.6 47.7 we 13 1.83 
1947 | 0.00029 | 0.0156 | 0.44 | 37.3 6.9 46.0 4.7 imal 1.99 


worked out of introducing barren 
quartzite through the arch of the fur- 
nace about 20 ft from the bridgewall so 
that two piles of quartzite, one on 
either side of the centerline, are main- 
tained floating on the bath in front of 
the converter slag launders which enter 
through the bridgewall on each side 
adjacent to the junction between the 
sidewall and the bridgewall. By this 
means free silica is made immediately 
available when converter slag is intro- 
duced and the smelting rate of the 
charge is not interfered with. This 
practice has resulted in marked im- 
provement in the control of magnetite 
and in the protection of furnace 
bottoms. 

A deep bath of matte is carried in the 
furnace at all times unless prevented by 
high furnace bottoms. Matte-fall is 
quite uniform throughout the life of 
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the slag skim hole being located just 
back of the verb arch. The slag is 
skimmed into 225-cu ft cast steel pots 
and hauled to the dump by 18-ton 
electric trolley locomotives. Slag-fall 
amounts to 65 pct of the solid charge or 
75 pet of the concentrate smelted. The 
slag dump is trimmed and leveled with 
a bulldozer and the track is thrown 
with a mechanical track-shifter. 
Reverberatory furnace data are 
shown in Tables 3, 4, 5, 6 and 7. 


Table 7 . . . Analysis of 
Reverberatory Matte 


Au Ag Cu Fe S| FesO4 

1942 | 0.019} 0.734) 27.62] 40.6] 26.3] 11.3 
1943 | 0.019] 0.959) 28.65] 39.8] 25.6] 8.4 
1944 | 0.022] 1.131] 31.10) 38.3) 25.9) 7.7 
1945 | 0.024] 1.362] 34.34) 36.0] 26.1} 9.0 
1946 | 0.022] 1.356] 34.55] 35.2] 26.2) 6.7 
1947 | 0.021] 1.393] 35.72] 33.9] 26.3] | 4.3 
eis I ieee elles oe hue A Na sate ine Sole 
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Waste-Heat Boilers 


Waste-heat boiler practice with the 
large water wall area and high steam 
pressure and temperature has been 
satisfactory. There are two waste-heat 
boilers on each reverberatory furnace 
and each boiler has 11,430 sq ft of total 
heating surface. Steam is produced at 
700 Jb ga. pressure and 700°F tempera- 
ture. The boilers operate at over 100 
pet of rating and waste-heat steam 
produced amounts to 40,000 lb per 
boiler per hr, which represents a re- 
covery of 53.0 pct of the fuel fired in 
the reverberatory furnaces. 

Combustion gases from the rever- 
beratory furnaces pass through the 
waste-heat boilers as shown in Fig 2 
and 3. The three-drum boilers have 
internal pendant type superheaters 
and are equipped with soot blowers 
using superheated steam on all banks 
of tubes. The soot blowers are used 
every 4 hr and are effective in cleaning 
areas where no sintering or slagging of 
the dust occurs, but all boilers require 
complete hand lancing with high pres- 
sure air pipes through small ports to 
remove sintered and caked dust not 
touched by the soot blowers and to 
remove slag which forms on the tubes 
in the area of the boiler inlet from the 
furnace. Automatic soot blowers on 
water wall tubes are being considered 
as a means of lessening hand lancing. 

The boiler settings are of fire brick 
construction with special shapes to fit 
the water wall tubes. The _ boiler 
baffling is shown in Fig 3 and the boilers 
operate with a draft loss of 0.80 in. of 
water through the boiler. The cross- 
over connecting flues between the 
reverberatory furnaces and the waste- 
heat boiler were made as short as possi- 
ble to reduce radiation losses. The 
boiler structures are quite high and 
this resulted in a stack effect for incom- 
ing gases and a back pressure which 
made an unsatisfactory smoke condi- 
tion around the boilers. This condition 
has been overcome by restricting the 
outlet of the reverberatory furnaces 
with dampers so that the back pressure 
in the boilers can be neutralized with- 
out upsetting the furnace draft. 


Converters 


The arrangement of the converter 
aisle is shown in Fig 2. The aisle is 63 
ft wide and 574 ft 6 in. long, with 
crane rails 57 ft 6 in. above the ground 
and a span of 60 ft between crane rails. 
The three cranes each have two 60-ton 
hoists driven by 100 hp direct-current 


Table 8 . . . Converter Data (Dry Ton Basis) 


en 


1942 1943 1944 1945 1946 1947 

scl Uuemhendes, «buenas 195,755 317,579 319,101 289,524 272,061 450,680 

Pit Ove Js Wine tae 46,854 | 70,420 45,801 41,956 35,530 71,244 
i 175 1,703 i , 

raeenapotes SU Js Sopher k, Saas 19,193 25,615 43,639 29,594 28,625 42,292 
Reverts, ceo ho ae oes 30,994 40,916 32,608 46,927 50,420 84,567 
COppersi cote cunmeciet ye ker hel eaten ae 47,027 79,740 88,315 92,110 85,794 148,402 
M Cu Ft air per Ton Cu........... 244.0 23350 210.1 172.9 165.1 171.4 
Percent Blowing Time............. 66.4 64.8 64.0 51.8 59.6 er 
Average Converters Operating...... 2.70 2.97 3.26 2.84 Snow 7 


cnc ee EEE SEESEnEaTnENESnEE IES EES EE ESERIES 


motors with magnetic brakes on the 
motor shaft and gear train. Two 5-ton 
repair hoists and one 50-ton repair 
hoist are located above the crane 
runway. 

There are six 13- X 30-ft Pierce- 
Smith converters located on 60-ft cen- 
ters. The converter shells are 114 in. 
steel plate, welded construction with 
heavy reinforcing plates along the 
tuyere section and around the mouth. 
The welded steel.riding rings are 
riveted to the shell at the outer ends of 
the shell. The converter ends are made 
of 1 in. welded plate with 4 beam 
stiffeners on each end and the ends are 
held in place by bolts and springs to 
allow for expansion. The springs have 
been of value in relieving expansion 
after repairs, but a point is reached 
where the springs cannot be used with- 
out digging out the entire end sections 
of the converter and re-setting the end 
plates in their original position. 

The converters are driven by 75 hp 
dc motors with magnetic brakes, 
through a speed reducer, intermediate 
gears and pinion and large gear which 
is bolted to one of the riding rings. 
Direct-current for operation of -con- 
verters, cranes, anode furnaces, and 
slag locomotives is generated by two 
600 kw fly-wheel motor-generator sets 
and one 300 kw stand-by motor-gen- 
erator set located in control rooms 
behind the converters. If the direct 
current generators and the _ turbo- 
blowers in the power house are put out 
of service by a power failure, the fly 
wheels can furnish sufficient power to 
turn down the converters and to allow 
the cranes to be moved. A signal on the 
converter air main sounds an alarm 
when the air pressure drops below a 
pre-determined point. 

The converters have 52 ball valve 
tuyeres with threaded connections ar- 
ranged so that 10 tuyeres on each end 
have 2-in. tuyere pipes and the 32 
tuyeres in the center have 114-in. 
tuyere pipes. There are two Garr guns, 
one on each end, for flux which is 
drawn from overhead bins of 250 tons 
capacity for each converter into 5-ton 


measuring hoppers at each Garr gun. 
The Garr guns are used alternately to 
even the wear on the brick lining. 

In normal operation, the converters 
are charged with 5 ladles of matte, 
amounting to about 70 tons, and addi- 
tional matte is added after fluxing, 
blowing and skimming. Air pressure of 
13 lb at the converter tuyeres has been 
found best for converter operation. 
Air volume averages 23,000 cfm at the 
tuyere with periods of 25,000 cfm. Air 
consumption is measured by indicating 
and recording meters on the 24-in. air 
line leading to the blast gate and wind 
box on each converter. An electrical 
signal system between the converter 
aisle, the power house, and the smelter 
office indicates and records the blowing 
time of each converter and shows which 
converters and which blowers are in 
operation at any time. 

In making copper charges, matte is 
blown to white metal in two converters 
and the white metal from one converter 
is then transferred to the other and the 
copper charge finished in that con- 
verter. Copper charges average 90 tons 
and the copper is blown to “‘worm” 
copper for the anode plant. Oxide slag 
is formed in the converter at this stage 
of the blow and this slag is very corro- 
sive on the brick lining and must be 
handled with care to prevent explosions 
when it is skimmed and transferred to 
another converter. After each transfer 
or charge of copper is completed the 
tuyeres are reamed with a cutter bar 
clamped in a light rotating drill which 
is supported by hand. This method of 
reaming tuyeres is much easier on the 
brick work than the use of a sledge 
hammer and cutter bar. 

Converter campaigns between tuyere 
line repairs average 9000 tons of copper. 
No magnetiting of converter linings has 
yet been practiced. Hard burned 
chrome-magnesite brick is used in con- 
verter linings and repairs are made with 
the 18-in. four-piece tuyere block 
shown in Fig 6. The normal repair 
includes a number of courses in 18-in. 
wedge brick above and below the 
tuyere blocks and it is usually necessary 
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FIG 6—Converter brickwork. 
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Table 9 . . . Analysis of Converter Slag 


Au Ag Cu SiO2 AleOs Fe CaO tS) Fe304 
1942 0.0038 | 0.0886 | 2.85 24.9 5. 48.0 0.4 2.1 14.6 
1943 0.0020 | 0.0829 | 2.91 23.5 5.4 47.9 0.4 ek Sa 
1944 6.0016 | 0.0699 | 2.48 23.8 4.5 49.7 0.4 1.6 16.0 
1945 0.0018 | 0.0780 | 2.52 23.1 4.5 50.5 0.3 17 20.4 
1946 0.0014 | 0.0905 | 2.87 24.6 44 47.4 0.3 16 20.3 
1947 | 0.0013 | 0.0834 | 2.93 26.2 4.9 45.5 0.7 1.5 18.0 
\ 
Table 10 . . . Analysis of Pit Ore for Converter Flux 
| 
| Au Ag Cu SiO. Al2O3 Fe CaO S 
1942 | 0.0014 0.029 0.83 65.3 15.7 3.7 0.6 3.6 
1943 | 0.0012 0.041 0.96 65.3 Ty is 3.4 0.5 2.9 
1944 | 0.0012 0.050 1.01 65.5 18.2 Ep) 0.4 2.6 
1945 | 0.0052 0.049 1.05 65.8 17.9 3.3 0.4 2.6 
1946 | 0.0012 0.050 1.09 65.1 18.1 3.4 0.2 2.7 
1947 | 0.0011 0.052 1.19 65.6 17.9 3.3 0.6 2.8 


to extend the repair to include the 
arches at the back of the collar, and 
occasionally necessary to dig out and 
brick a section in the bottom or front of 
a converter. Spalling after repairs is 
avoided entirely by allowing proper 
expansion joints and by heating the 
converter very slowly with gas burners 
for about 48 hr until the entire brick- 
work is practically at operating temper- 
ature and then washing the converter 
with slag to seal the joints, and charg- 
ing with matte while the converter is 
still near maximum temperature. The 
pouring lips on the converters are made 
with magnesite brick held in place by 
rails and grouted with magnesite 
ganister. The space between the 1-in. 
apron plate and the shell below the 
pouring lip is boxed in and filled with 
magnesite ganister to prevent metal 
leaks around the brick pouring lip. 
Converter hoods are of welded steel 
construction with cast iron liners in the 
lower portion. The hood gate rolls on 
rails and is raised and lowered by motor 
driven sprockets and chains. A butter- 
fly damper in the circular section of the 


Table 11... Analysis of Barren 


Quartzite for Converter Flux 


Cu| SiO. | ALO; | Fe |Cao| 8 
1942 S54 5:x | 3084 Ovoaieo.s 
1943 79.4] 9.5 | 2.8 | 0.8 |-0.3 
1944 30.9 | 8.5 | 2.6| 0.3 | 0.2 
1945 34.0 | 6.0 | 3.0] 0.5] 0.2 
1946 34.8] 6.3 | 2.5| 0.6 | 0.2 
1947 85.6 1° 5.3 2. 1- 0:9.) |"0-2 

Table 12 . 


converter uptake flue is operated by 
high pressure air with control valves 
on the skimmer’s platform. 

Converter puncher’s platforms are 
raised and lowered for adjustment by 
hydraulic lifts using oil pressure, and 
each platform has an air cooling system 
of overhead ducts with slots for blowing 
low pressure air from individual motor 
driven blowers. Stationary platforms 
behind the converters connect all 
punchers platforms and also connect 
with the skimmers platforms. 

Converter cleanings, hood cleanings 
and dust from the hoppers back of the 
converters are collected in boats on 
wide gauge cars which are pulled back- 
ward behind the converters onto a 
transfer car running parallel to the con- 
verters and reaching the converter aisle 
under the cranes at the south end of the 
aisle. The transfer car track is directly 
underneath the dust hoppers behind 
each converter and dust is easily drawn 
into the cars as they are pulled from 
under the converters. The cleanup in 
front of the converters is done with a 
weighted drag handled by the converter 
crane, and a Traxcayator is used for 
loading the cold material into boats. 
Matte and slag ladles are shelled into a 
skull breaker with an elevated bumping 
block in the south end of the converter 
aisle; and cold material from the skull 
breaker is hauled to the smelter crush- 
ing plant in railroad cars. 

Converter data are shown in Tables 
8, 9, 10, 11 and 12. 


. . Analysis of Mixed Converter Flux 


Anode Plant 


All Morenci copper is produced as 
anode copper for economy at the re- 
finery. The anode plant is located at 
the north end of the converter aisle as 
shown in Fig 2 and contains two refin- 
ing furnaces of the same type as the 
converters, but with shells 13 < 25 ft 
instead of 13 X 30 ft, and one casting 
wheel. Anode plant practice with rotat- 
ing furnaces is entirely satisfactory and 
the arrangement of two refining fur- 
naces and one casting wheel provides 
flexibility and storage capacity for 
uniform converter operations. 

The anode furnace shells are made of 
114-in. plate, welded construction, 
with riding rings at the ends and with 
openings for the poling and skimming 
door and casting spout. The ends of the 
vessels are made of l-in. welded plate 
with reinforcing beams which are 
fastened rigidly to the shell. The ends 
have openings for the receiving spout, 
burner port and stack outlet. The di- 
rect current motors and gear drives are 
duplicates of those used on _ the 
converters. 

The anode furnaces are heated with 
natural gas in burners using high- 
pressure air for short flame combustion. 
The burner enters through one end wall 
well above the metal line. Anode 
charges average 175 tons of copper and 
two converter charges usually fill an 
anode furnace. The anode charges are 
blown with high-pressure air using two 
34-in. pipes to eliminate the sulphur, 
the slag is skimmed off and the copper 
is poled with oak or pine poles which 
are manipulated with an air operated 
hoist. The anode furnaces are sur- 
rounded by a large concrete platform 
at an elevation 2 ft below the center- 
line of the furnaces which provides 
working space for the blowing, skim- 
ming and poling operations. 

Copper is poured from the anode fur- 
naces into hydraulically operated pour- 
ing spoons and then into copper molds 
on a circular casting wheei 40 ft in 
diam with 26 molds. The wheel is elec- 
trically driven through gears by dupli- 
cate motors which turn the wheel in 
either direction. All operating controls 
for the anode vessels, pouring spoons, 
and casting wheel are located in cabs 
at each side of the casting wheel. The 
wheel is moved by an automatic timing 
device which controls the rate of cast- 
ing; and the wheel stops automatically 
with one mold in proper position under 
the pouring spoon and another mold in 
proper position for lifting the anode 
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from the mold by tongs. Pouring speed 
averages 30 tons per hr. 

The liquid copper poured into the 
mold from the spoon must chill on the 
surface before the casting wheel is 
moved to prevent rolled edges and fins 
on the anodes; and a blast of converter 
air automatically controlled by a 
solenoid valve, is used to speed up the 
cooling of the surface of the anode. 
Water cooling of the molds and anodes 
is accomplished by spray pipes at 
definite locations on the wheel. The 
empty molds on the casting wheel are 
sprayed inside while hot with an 
alumina sand wash to keep the anodes 
from adhering to the mold. 

The anodes, which weigh 700 lb, are 
raised from the molds by pins with 
sliding contact on an inclined track, 


zS , 


ee les 


FIG 7I—Anode furnace brickwork. 


and are lifted from the pins and placed 
in bosh tanks by manually operated air 
tongs with control valves at the side of 
the bosh tanks. Anodes are removed 
from the bosh tank by a 15-ton crane, 
inspected and trimmed on the floor 
adjacent to the anode plant and are 
then loaded into railroad cars by 2-ton 
storage battery trucks with vertical 
lift arms. A large concrete floor across 
the track from the anode floor is used as 
a copper dock for storage of anodes 
during periods of interrupted ship- 
ments. This floor and the trimming 
floor is armored with cast iron grids 
cast in the concrete. 

Pouring spoons are lined with a ce- 
ment-sand mixture. The spoons and 
cast iron master molds are heated to 
the proper temperature for use by indi- 
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vidual gas burners. Copper molds for 
the casting wheel and copper tapping 
plates for the reverberatory furnaces 
are made on day shift. The copper 
molds last for about 300 tons of anodes 
each before cracking too badly to use. 
One or two new molds are put on the 
wheel daily and the discarded molds are 
returned to the converters for smelting 
with the copper charges. 

Anode furnace lining is shown in Fig 
7. The chemically bonded magnesite 
brick has given excellent service and 
no major repairs to the brick lining 
have been made in the first six years of 
operation. Brickwork over the poling 
doors and around the openings in the 
ends of the furnaces is maintained by 
slurry gun patching with magnesite 
cement when required. The complete 
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insulation of the shells is desirable for 
fuel economy and for better working 


conditions and to prevent filling up of 


the bottoms with refractory slag. 
Anode Plant data are shown in Table 
iB. 


Table 13... Analysis of Anode 


Copper 
| Anode 
| Plant Data 
| Per Ton 
Anode 
Au | Ag’| Cu | S Oni), Oper 
Lb} 
> oY 
Poles Btu 
1942 |0.071/2 /75/99. 72/0. 0036/0. 140/80.30| 1.26 
1943 |0.071/3.50)99. 72)0. 0017/0. 123/81 .64| 1.35 
1944 |0.077/3. 93/99. 70/0. 0021/0. 128)81.73} 1.36 
1945 |0.076|4. 13/99 .69/0.0019/0.124/98.78| 1.50 
1946 |0.070/4. 03/99. 74/0.0017/0.100}67.34) 1.24 
1947 |0. 064/4. 13/99. 76/0. 0018/0. 098/62. 08) 0.89 


Flues and Stack 


The entire flue system in the Morenci 
Smelter is of steel construction well in- 
sulated to prevent heat loss, and of 
large cross-sectional area to reduce gas 
velocities. Arrangement of the flue 
system and stack is shown in Fig 2. The 
steel balloon flue located back of the 
converters turns at right angle and rises 
in a vertical box connection to cross the 
converter aisle above the crane runway. 
Gases pass from this flue through 
mechanical dust collectors consisting of 
10 sections of 16-in. Multiclone tubes, 
and then to the stack. The converter 


FIG 8—General view of reduction works. 


flue is 18 ft in diam and is covered with 
2 in. of fiber glass insulation from a 
point near the first converter to the 
dust collectors. The flue immediately 
back of the converters is not insulated. 
The mechanical dust collecting system 
is insulated and also the 18-ft balloon 
flue leading from the dust collectors to 
the stack. 

A 15-ft steel balloon flue for rever- 
beratory furnace gases, also insulated, 
leads from the waste-heat boiler outlets 
and joins the converter flue just in 
front of the portal of the stack. There is 
an automatic damper in the reverbera- 
tory flue which is operated by a motor 


FIG 9—View of reclaiming machine. 


12 


driven worm gear actuated by an elec- 
tric eye connected to a draft gauge. 
The necessity for a dust collecting sys- 
tem on the reverberatory gases has not 
yet been determined. 

The stack was built of reinforced con- 
crete with a lining of acid proof brick 
laid in acid proof mortar and with 
insulation between the concrete shell 
and the lining. The stack is 603 ft 2 in. 
high, with a foundation 9-ft thick and 
71 ft in diam standing on a consolidated 
conglomerate earth foundation with a 
loading strength of 5 tons per sq ft. 
The stack was designed to withstand 
a wind pressure of 100 mph. It is pro- 
tected by lightning rods with copper 
cables to the ground. The inside diam- 
eter of the stack is 39 ft at the bottom 
and 24 ft at the top. The concrete shell 
is 36 in. thick at the bottom and 
tapers to 7 in. at the top. The total 
weight of the stack and foundation is 
about 10,000 tons. 

The stack was designed for a draft 
of 3 in. of water with gases at 500°F 
and an outside temperature of 60°F and 
has a total capacity of 1,000,000 cfm at 
stack conditions. The high stack draft 
is necessitated by the use of mechanical 
dust collectors on the converter gases 
which operate with a pressure drop of 
2 in. water. The remaining draft is lost 
in friction and at the converter hood 
openings. 

The stack was built with two portals, 
one main portal and a smaller one 
directly opposite. The smaller portal 
has been bricked up and will be used 
only in case it is desired to divert part 
of the gases through a dust collecting 
system on the opposite side of the 
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FIG 10—View of reverberatory furnace skimming end. 


stack. A test station is located 274 ft 
above the ground for testing stack 
gases. 

Flue dust handling is accomplished 
mechanically by means of drag chain 
conveyors in the bottom of the balloon 
flues and screw conveyors under the 
multiclones. The granular abrasive 
dust from the balloon flue immediately 
back of the converters however is re- 
turned to the converter dust hoppers 
by gravity through 10-in. pipes at each 
hopper. The combined dust from the 
balloon flues and multiclones is col- 
lected in a surge bin and is then re- 
moved by a short screw feeder, mixed 
with air and pumped pneumatically to 
a pug mill located near the junction 
house through which pass the conveyor 
belts carrying concentrate from the 
filter plant to the bedding plant. The 
flue dust in the pug mill is sprayed with 
water until properly conditioned and is 
then discharged onto the layer of con- 
centrate on the belt conveyor and 
delivered along with the concentrate to 
the bedding plant. 


Power Plant 


The Power Plant, which is under 
separate supervision, is situated about 
500 ft from the waste-heat boilers. 
Steam from the waste-heat boilers at 
700 lb pressure and 700°F temperature 
is delivered to two direct-fired super- 
heaters in the power house, emerging 
from the superheaters at the proper 
condition for utilization at the turbine 
throttle, namely 650 lb ga. pressure and 


825°F temperature. Three direct-fired 
water-wall boilers of 1430 hp each, 
using natural gas fuel with automatic 
burner control and air pre-heaters, and 
with stand-by fuel oil for emergency 
use, furnish additional steam which is 
combined with the waste-heat steam 
in the direct-fired superheaters. About 
60 pct of the total steam is produced in 
the waste-heat boilers and 40 pct in the 
direct-fired boilers. 

Steam is utilized in four 15,000 kva 
maximum capacity turbo-generators 
with surface.condensers. Power is gen- 
erated at 13,200 volts and is trans- 


mitted to the Concentrator, Smelter, 
Open Pit mine and pumping stations 
at this voltage and is there stepped 
down to 2,300 volts and 440 volts for 
plant use. A very good power fac- 
tor results from the use of a large num- 
ber of synchronous motors in the 
Concentrator. 

Condenser cooling water is pumped 
through concrete pipes to a cooling 
tower 1300 ft away. Evaporators are 
used for boiler feed water make-up and 
boiler feed water is deaerated, heated 
to 300°F and pumped to the waste- 
heat and direct-fired boilers by 8 stage 
electrically driven centrifugal pumps 
with steam pumps as stand-by. Waste- 
heat boiler feed water is delivered 
through 5-in. welded steel insulated 
lines with automatic control at the 
pumps and at the boilers. Steam is re- 
turned to the power house from the 
waste-heat boilers through two 10-in. 
welded steel insulated lines. 

During periods of curtailed power 
requirement at the Open Pit Mine and 
Concentrator on scheduled week-end 
shut-downs, excess waste-heat steam is 
diverted to a separate condenser plant 
outside the power house. Cooling water 
for this condenser plant is circulated 
through the same system used for the 
condensers on the turbo-generators and 
condensate from the condenser plant 
is returned to the boiler feed water 
system. 

Compressed air at 100 lb pressure is 
produced in two 3,730 cfm electrically 
driven compressors located on the 
ground floor of the power house. Con- 


FIG 11—View of converter aisle. 
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verter air is produced by six electrically 
driven turbo-blowers of 27,500 cfm 
capacity each at 12.5 Ib barometer and 
100°F. The blowers are direct-con- 
nected to 1500 hp induction motors and 
operate at constant speed and pressure 
with automatic regulators controlling 
impedance vanes on the inlet air ports 
to adjust air volume to requirements. 
Converter air is produced at 14 Ib 
pressure and 275°F at the blowers and 
the blowers discharge into a header 
pipe connected to a 60-in. air main 
leading to the converters. Air volume is 
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FIG 12—View of anode plant. 


metered for each blower between the 
blower and the header pipe. (Fig 8-12) 


Smelter Organization 


Smelter operations are under the 
supervision of the smelter metallurgist, 
with a general foreman over the re- 
verberatory department and another 
over the converter department. Shift 
operations in the reverberatory, con- 
verter and anode departments are 
under the supervision of shift foremen, 


METALS TRANSACTIONS 


and the crushing, bedding and reclaim- 
ing plant, lime burning plant, brick- 
mason crew, repair crew and labor crew 
are each under the supervision of a day 
shift foreman. 

The Smelter maintains a technical 
staff for plant testing and investigation 
and a safety department which is a 
part of the Branch safety organization. 

Smelter maintenance work is carried 
out by the smelter repair crew and 
brickmason crew, while heavier work is 
done by the well equipped shops at the 
Reduction Works. 
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Ir is generally recognized that non- 
metallic inclusions in steel come from 
two principal sources. First are the 
chemical reactions in the furnace, or in 
subsequent deoxidation, resulting in 
slag which does not free itself from the 
metal. Much information has been 
published concerning these chemical 
reactions and their control through 
proper attention to slag viscosity, com- 
position of deoxidizers, and other quali- 
ties. The studies of this subject by C. 
H. Herty, Jr. and others through the 
medium of physical chemistry have 
yielded much information for the steel- 
maker. The second source is erosion of 
ladle refractories, such as lining brick, 
stoppers, nozzles and runners, causing 
entrapped particles of globules of 
fluxed silicate material. In contrast 
with the large amount of information 
available on the first source, relatively 
little has been published on the subject 
of erosion which, in the case of basic 
electric melted steel, is the principal 
source of nonmetallics. This is probably 
due to the fact that the problem was 
assumed to be one of simple mechanical 
erosion, which could be solved pri- 
marily by modification of ladle prac- 
tices. Good improvements have been 
made by elimination of slurries in the 
ladle, better ladle and runner refrac- 
tories, and more attention to pouring 
temperatures. It is doubtful, however, 
that this problem has been recognized 
in its true light since it is not one of 
simple mechanical erosion but rather 
one of chemical reaction between the 
metal and the refractories; and in this 
sense is as much a problem of physical 
chemistry as the reactions involved in 
the actual steelmaking process. 

The influence of ladle refractories on 
the resulting cleanness of steels was 
early recognized by A. McCance* who 
examined large inclusions in steels 
made by both acid and basic practices. 
His chemical analyses showed the large 


influence exerted by the manganese 
content of the steel on erosion of the 
ladle and nozzles used in those days. 
The presence of MnOin such inclusions 
led McCance to the hypothesis that 
both basic and acid steels react chemi- 
cally with the ladle refractories so that 
small globules of fluxed refractories are 
carried in the stream into the molds. 
This early work of McCance was 
checked by one of the present authors 
on basic electric bearing-steel, and it 
was found that on steels containing as 
low as 0.40 pet manganese the fluxed 
surface of the ladle lining after deliver- 
ing such a heat showed as high as 25 pct 
MnO by actual analysis. Furthermore, 
by lowering the manganese content of 
the steel to 0.20 pct, ladle erosion was 
decreased with a corresponding de- 
crease in silicate inclusions in the steel. 
Limitations placed on the manganese 
content for the required inherent prop- 
erties made it impossible to pursue this 
line further, and subsequent attention 
was concentrated on improved ladle 
refractories, care in keeping the ladle 
clean and free from loose refractories 
up to the time of tapping, and pouring 
the steel at optimum temperature. 
Our study of the chemical reactions 
at the metal-brick interface between 
steel and ladle refractories was revived 
in 1939 as a result of an experimental 
observation made on the cleanness of 
alloy steels of the SAE types. This 
observation showed that the relative 
cleanness of such steels made in basic 
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electric arc furnaces of 12 ton capacity 
and poured in ingots ranging from 1100 
to 2200 lb weight was determined to a 
large extent by the ratio of the man- 
ganese and silicon contents, provided 
other steelmaking variables such as 
tapping temperature, pouring tempera- 
ture, pouring time, amount of alumi- 
num added for grain size control, and 
degree of deoxidation in the furnace 
were kept reasonably constant. De- 
tailed studies made on the deoxidation 
and slag practice during the refining 
period of basic electric furnace practice 
showed that these two variables exerted 
some influence on the resulting clean- 
ness of steel in the form of bars and 
forgings. The important variable, the 
manganese-silicon balance, was not ap- 
parent until heats were made in suc- 
cession by the best furnace practice 
kept under fairly rigid metallurgical 
control. 

Another observation pertinent to 
this work concerned the similarity in 
the microscope of slag particles causing 
magnaflux or step-down indications in 
subsequent rolled bars, and the patches 
of slag frequently seen on the surface of 
ingots. These patches are generally be- 
lieved to come from the glassy metal- 
brick interface in the ladle and repre- 
sent an entrapment of such glass (both 
from the ladle brick and nozzle) in the 
metal as it flows over the refractories in 
the neighborhood of the nozzle. These 
glassy particles are carried down into 
the mold with the liquid steel, and 
gradually coalesce into a slag “button” 
which floats on the surface of the steel 
as it rises in the molds. Periodically the 
button is washed to the side of the 
ingot where it is trapped between the 
surface of the ingot and the mold, later 
appearing as a slag patch on the surface 
of the ingot after stripping. 

Even though most of the small glassy 
particles coalesce into a slag button 
while the ingot is being poured, it is 
logical to suspect this step in the steel- 
making process as being a source of 
slag lines large enough to cause trouble 
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on subsequent magnaflux inspection in 
rolled bars. This is especially true when 
the furnace practice is known to pro- 
duce clean steel as shown by samples 
taken from the furnace just before 
tapping, and also spooned from the 
ladle before starting to pour. During 
the pouring of an ingot, the stream 
from the nozzle is playing in the center 
of the mold, and the turbulence created 
by the stream is such that any particles 
trapped in the stream will be carried 
for quite a distance down into the 
molten metal in the mold, and will then 
be carried over to sides of the molds 
before finally reaching the upper sur- 
face of the metal. It is to be remem- 
bered that the metal is freezing rapidly 
at the wall of the mold, and that a zone 
of mushy metal extends inward from 
the wall. Thus the small slag particles 
stand a good chance of being trapped 
in this mushy metal and their chance of 
doing so should increase as the tempera- 
ture of the metal is colder or as the rate 
of pouring the ingot becomes slower. 

Now, knowing that a relationship 
exists between the chemical composi- 
tion of the steel and the resulting 
magnaflux inspection of bars and forg- 
ings, and further, that a large per- 
centage of the slag particles large 
enough to cause these magnaflux indi- 
cations appear to have the same silicate 
characteristics as the so called “‘ladle- 
wash”? or metal-brick interface, it 
seemed reasonable that a detailed study 
of acid slags formed by the interaction 
of the ladle brick and the liquid steel 
would lead to an explanation and cor- 
relation of these effects. Before pro- 
ceeding to examine the actual data 
resulting from this study, we would like 
to state the problem of this interaction 
of ladle refractories and liquid steel in 
qualitative detail. 

In the first place, molten steel will be 
tapped from a basic electric arc fur- 
nace into a ladle lined with brick 
analyzing 65 pct silica, 30 pct alumina, 
and 5 pet Fe.0;.* At the metal-brick 
interface there will form as a result of 
temperature effects a layer of fused 
glassy slag which will initially be the 
composition of the brick. The molten 
steel, however, contains certain ele- 
ments and constituents such as man- 


.* Throughout this paper repeated reference 
will be made to the metal-brick interface in the 
ladle as the principal example of metal-refractory 
interaction. However, in the case of ladles using 
bonded graphite nozzles, the clay bonding mate- 
rial will react in the same manner we ascribe to 
the ladle brick. Similar remarks will apply to 
clay or sand mixtures used in the well of the 
ladle to seal the nozzle in place, and to the 
bonded graphite heads and sleeves used on the 
stopper-rod. 
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FIG 1—Cleanness of SAE 6150 air- 
craft quality as a function of the final 


Mn /Si ratio. 


ganese, silicon, and ferrous oxide, which 
will lead to a change in the chemical 
composition of the fused glass. The 
composition of the fused glass inter- 
face will be modified therefore so that 
MnO and FeO make their appearance 
according to the balanced relationships 
known to exist between slags contain- 
ing SiO.-MnO-FeO-Al,0; and liquid 
steel containing Fe-Mn-Si-FeO. Thus, 
depending upon the manganese and 
silicon contents of the metal and its 
temperature, the so-called equilibrium 
slag will be high or low in manganous 
oxide and high or low in silica, and con- 
sequently of high or low fluidity. The 
appearance of MnO and FeO in the 
glassy interface as a result of this reac- 
tion will cause a decrease in the weight 
percentage of SiO, and Al.O; due to 
dilution. Depending upon the final 
composition of this glassy interface, it 
will slough off easily or with difficulty, 
as measured by its fluidity or viscosity 
at the temperature of the interface. 
Thus the number and composition of 
the inverse rain of particles trapped in 
the flow of the metal near the nozzle 
and carried through the nozzle with the 
steel, will depend to a large extent upon 
the chemical composition of the inter- 
face and its fluidity or viscosity. The 
saturation solubility of SiO, in slags of 
this sort is approximately 50 pct by 
weight and does not vary greatly with 
temperature. Furthermore, viscosity 
studies of acid slags containing MnO, 
FeO, and SiO. show that as the acid 
slag approaches saturation of SiO, the 
viscosity increases greatly. 

In view of the above remarks, it ap- 
peared worthwhile to review Korber 


and Oelsen’s? work on equilibrium in 
the system Fe-Mn-FeO-SiO.-Al,03 and 
to set up a system of calculation so that 
their results could be extrapolated to 
cover the equilibrium between molten 
steel and the glassy interface at the ~ 
ladle brick. Such a system allows the 
composition of the equilibrium acid slag 
to be calculated if the analysis of the 
metal is known, and this calculated 
acid slag can be compared with the ex- 
perimental values obtained for slag 
“‘buttons” or slag patches on the side 
of ingots. If some agreement is ob- 
tained by these methods and the experi- 
mental data, then it is reasonable to 
conclude that the occurrence of these 
slag patches, and also the greater part 
of the slag-lines in the finished bars, are 
influenced largely by the interaction of 
the molten steel with the ladle brick. 
Conversely, and this is most important, 
if the composition of the steel can be 
shown to influence the final cleanness of 
the steel, then the problem can be 
studied with a view to finding general 
rules for adjusting the composition of 
the steel to obtain as clean steel as 
possible. 

This report is accordingly divided 
into three parts. Part 1 will show the 
step-down data and operating condi- 
tions in the furnace, ladle and pit for 
two grades of SAE steels, SAE 6150* 
and SAE 3312}. This part will show 
that if the furnace practice, ladle and 
pit practices are kept reasonably con- 
stant, then there is a relationship be- 
tween the manganese and silicon ratio 
in these two grades of steel and the 
resulting cleanness. This conclusion 
will be based both upon the results of 
our own inspection department and 
upon magnaflux inspection data of a 
leading aircraft engine manufacturer. 
In addition, performance records of a 
new deep-hardening roller-bearing steel 
in which the silicon content is adjusted 
to balance the high manganese content 
is compared with a similar grade con- 
taining high manganese and low silicon 
contents. 

Part 2 will show the chemical analy- 
sis of many heats of steel and of the 
corresponding slag-buttons and slag- 
patches taken from the sides of ingots. 
These data will be correlated to show 
that the manganese-silicon balance of 


* SAE 6150: 0.48/0.55 C, 0.65/0.90 Mn, 0.20/ 
0.35 Si, 0.040 max. P, 0.040 max. 
S, 0.80/1.10 Cr, 0.15 V Min. 

7 SAE 3312: 0.08/0.13 C, 0.45/0.60 Mn, 0.20/ 
0.35 Si, 0.025 Max. P, 0.025 
Max. S, 1.40/1.75 Cr, 3.25/3.75 
Ni. 
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Table 1 - - + Typical Melting Log of SAE 6150 
ee ee tt 


Metal Tests 
ws aie Slag Tests 
ounds 
C |Mn| Si 12) Ss Cr Ni Vv FeO $i02|CaO|CaF2 (Foe) CaC2|FeO|Mg0O)}CaS 
11:20 AM Power on 
11:20 to 11:55 | 190 V 
11:55 to 12:15 | 160 V 
12:15 to 12:30] 130 V 
12:30 Charged reducing slag— 
ime 300 
Spar 80 
12355 nore, b ae 
; o. 1 Carbon test 
NPE YK Spec. test on Metal and Ckeas on 
Slag (No. 1 and 2) 
Sigg roling. and Car- 
ee ee on Mek und (No. 1)]0. 42/0. 43]0. 02 0.032/0.60 0.07/0.064 (No. 2)|17.7/51.5/11.7/0.118/0. 085/0.67/10. 410.69 
Slag (No. 3 and 4) 
Slag slightly thick and 
Eee made addi- 
tion of spar. 30 44/0. 2 : 
nae Bete Carbon test (No. 3) Het 46/0. 02 0.022/0.62 0.09)0.020 (No. 4)|18.9}51.9/10.7/0.06 |0.07 |0.26| 9.9/0.93 
1:35 V2O; charged on reducing 
slag 35 
2:00 Electrodes in bath }4 min. 
2:05 Charged Wash Metal 200 
ferro chrome (5 pct C) | 86 
2:10 Charged ferro-silicon (50 
pet Si) 130 
2:20 Charged ferro-manganese 
(7 pet C) 67 
2:30 Spec. test on metal and 
slag. (No. 5 and 6) 
Slag was slightly thick, 
Mare R carbide. 
oured easily. No. 5)|0.51/0.78/0.31 F 3 
aa Rone nae ons ( ) 0.010)0.90 0.15}0.015 (No. 6)|18.7/46.7|16.4)0.06 0.1 |0.21}) 8.3)1.14 
2:40 Tap temperature = 
: 1582°C 
es oe kina! . Ne. 2» 0.52/0.70)0.32/0.019/0. 009}0.92)0.05/0.17 
—10 in. ingots, in. nalysis o. 0.53]/0. . 
butt. 1050 lb each : se hi ee er: 
McQuaid-Ehn Grain Size—7. 


the steel determines to a large extent 
the amount of silica in the slag button 
or slag patch, and that silica contents 
of 45 to 50 pct are obtained with 
manganese to silicon ratios of about 
unity; and furthermore as the man- 
ganese to silicon ratio increases, the 
amount of silica in the slag button or 
slag patch decreases, and consequently 
the viscosity of the slag wash becomes 
less and will elongate on rolling without 
shattering. 

Part 3 will consider in detail the data 
of Korber and Oelsen? and J. White* on 
equilibrium between silicate slags con- 
taining FeO and MnO and molten steel 
containing Mn, Si, and FeO in solution. 
The dissociation constants of FeO.Si0O», 
Mn0O.SiO;, and Al,03.SiO2. in liquid 
acid slags will be evaluated through a 
range of temperatures so that equilib- 
rium can be calculated between acid 
slags containing SiO, FeO, MnO and 
25 pet Al,O3 and molten steel contain- 
ing Mn, and Si. The calculated acid 
slag compositions in equilibrium with 
steels of various composition will then 
be compared with the actual slag and 
metal compositions determined by 
chemical analyses shown in Part 2. 


Part I—Effect of Manganese 
Silicon Balance on _ the 
Cleanness of SAE 6150 and 
SAE 3312 and a 1.00 pet 
Carbon Deep-hardening 
Roller-bearing Steel 


The effects of furnace, ladle, and pit 
practices on the resulting cleanness of 
steel were studied in considerable de- 
tail through a number of years before 
the manganese-silicon balance was tied 
down as a source of nonmetallics in the 
steel. These studies on furnace and pit 
practice showed that a relatively small 
effect on cleanness could be definitely 
tied up with furnace practice. For in- 
stance, cleaner steel can be obtained in 
the SAE grades using slags which de- 
oxidize the metal to a greater degree 
before metallic deoxidizers (silicon and 
manganese) are added to the bath. 
These slags are of low carbide content 
and are worked on the “‘wet”’ side by 
the use of spar, so that the melter can 
pour a spoonful of slag and not have to 
dump it out. High aluminum additions 
for grain-size control were found to lead 
to nonmetallic stringers, and the fur- 
nace practice was adjusted so that the 
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minimum of aluminum was added to 
give grain size test rating of about 7 in 
SAE 6150. High tapping temperatures 
were known to give cleaner steel, but 
there is a limit to the height tempera- 
tures can be carried because of obvious 
effects on furnaces, nozzles, stopper 
rods, and mold life. Heats of the SAE 
6150 type are generally tapped at 1580 
to 1600°C, and heats of the SAE 3312 
type are tapped at 1600 to 1615°C. 

Fast pouring times were found to 
help the cleanness of the resulting ingot. 
The heats to be discussed here in detail 
for the SAE 6150 and 3312 types were 
cast in 1000-lb ingots measuring ap- 
proximately 10 in. sq at the top, 834 in. 
sq at the bottom, and about 46 in. high. 
The pouring time for this size ingot was 
finally set at 55 to 60 sec from start of 
pouring the ingot to the shut-off at the 
bottom of the hot-top. 

Table 1 shows a typical log of one of 
these heats of SAE 6150, showing com- 
plete steel and slag analyses throughout 
the melting process. 

After several heats of SAE 6150 were 
made according to the furnace, ladle, 
and pit practice summarized in Table 
1, the effect of the manganese-silicon 
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ratio upon cleanness became apparent 
on steel rated by step-down tests rolled 
from pilot bars. The pilot bars repre- 
sented two tops, one middle, and two 
bottom billets from each heat. The 
billet stock in all cases was disc in- 
spected before pieces were cut for roll- 
ing to 114 in. rd. bars. Step-down tests 
representing steps of 1 in. off the 
diam, and % in. off the diam were 
turned on these rolled bars. The length 
of each step was approximately 4 to 5 
in. in all cases. 

In order to rate numerically a heat of 
steel in terms of its step-down inspec- 
tion it is convenient to give some nu- 
merical weight to the different classes of 
slag-lines. The routine practice on in- 
spection is to designate the length of 
slag lines by five classes, and to assign 
a numerical weight to each of the vari- 
ous classes to penalize the longer slag 
lines. This system is as follows. 


. Numerical 
Class Length of Lines Weight 
i Up to in 1 
2 1g to 4% in 2 
3 14 to 34 in 4 
4 3¢ to 4 in 8 
5 Greater than )% in. 16 


This classification for frequency and 
length of slag lines is extended a step 
further to penalize slag lines which 
occur in the tops and middles as com- 
pared to the bottoms. The first step in 
using this system of numerically rating 
a heat for cleanness is to obtain the 
sum of the number of lines in each class 
multiplied by their weight factor, and 
then to further multiply the top and 
middle sums by 2. The total summation 
is then divided by the number of steps 
inspected to obtain the numerical rat- 
ing of the heat. 

- This system is illustrated by the fol- 
lowing example: 


Pilot Bar Inspection . . . 5 in 
Length 11% rd. Bars 


1g In. Off Diam }4 In. Off 


Class 1 }2)3)4/5/1/)2/3] 4/5 


ILODE ae Meio 5/2/1/0/0/17/311/0/2 

ODiere ve cata 6/3/0/0/0/5)4!0/o0]0 
Middle..... 3 /2/0/0/0)2}/0/1]0]0 
Bottom 5]0/0/0/0)4!/0]o0]010 
Bottom..... 6/0/1/0/0/5)/0!o0l]ol]o 


(Average Class) X (Numerical 
Weight) for Top, Middle and Bottom 
pilot bars: 
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Table 2. . . Magnaflux Rating of SAE 6150, Aircraft Quality 


Pilot Bar Inspection, Hardened and Polished 


Ist Step 44 In. Off Diam 2nd Step 3g In. Off 
CLASS Diam. Nua 
ating “ : 
Heat per 6 In. Mn Si Mn/Si 
Length 
1 2 3 4 5 1 2 3 4 5 
A Tesi 20: 1 0 0 2 ne i 1 0 8 0.72 0.45 1.65 
(ie aay al 0 0 0 2 1 0 0 0 
NES OC) 6 0 0 0 1 1 1 0 0 
Bapeo tno 0 0 0 1 0 0 0 0 
By a 20 0 0 0 
B To? 02: 0 0 0 0 0 0 0 0 12 0.75 0.40 1.82 
Tee 20 0 0 Zi 0 i 0 0 it 
M 4] 0 0 0 0 3 0 0 1 0 
B 1) 0 0 0 0 0 0 0 0 0 
Be 0) 0 0 0 0 0; 0 0 0 0 
(Gi a 43) \-9 0) 1 0 0 2 1 0 0 0 10 0.65 0.45 1.45 
TT 4 0 0 0 2 2 2 0 0 
M3] 2 0 0 0 2 1 1 0 0 
B? 21 26 0 0 0 0 0 0 0 0 
B O| 0 0 0 0 0 0 0 0 0 
D 6 ee re ii 0 0 6 0 0 0 0 12 0.72 0.39 1.85 
em Ol 0 0 0 Af 0 0 0 0 
M 4] 4 0 0 0 5 3 0 0 0 
B. 27 0 0 0 0 2 0 0 0 0 
Beoler 0 0 0 5 0 0 0 0 
E Ty 438 0 1 0 4 S 0 2 0 20 0.68 0.37 1.83 
ap Sle 8 2 0 ] 10 1 1 0 0 
M7} 1 0 0 0 2 1 0 0 0 
B <1 0 0 0 0 2 1 0 0 0 
By 23370 0 0 0 0 0 0 0 0 
F 22 0 0 i 0 1 2 0 0 0 18 0.75 0.46 1.65 
TS Salas 0 0 2 2 BS 2 0 1 
M1) 2 0 0 0 4 2 0 0 0 
B 1h @ 0 0 0 0 0 0 0 0 
B20 0 0 0 0 0 0 0 0 
G of ee yes) 0 0 0 3 1 0 0 0 13 0.70 0.37 1.85 
Ea SRE 0 0 0 74 0 1 0 0 
M- 8] 1 0 0 0 5 1 0 0 0 
B 3) @ 0 0 0 6 1 0 0 0 
Beets 6 0 0 0 5 0 0 0 0 
H Pee US; | sat 0 0 0 4 0 0 0 0 8+ 0.71 0.38 1.90 
TS x4 0 0 0 6 it 0 0 0 
M° 2) 2 0 0 0 5 0 0 0 0 
B 5) 0 0 0 0 9 0 0 0 0 
Bo} 0 0 0 0 1 0 0 0 0 
I ee 25| 00) 0 0 0 ii 1 0 il 0 12 0.79 0.45 1.75 
Te S2Gi nd 0 1 0 il 0 0 0 0 
M 6] 0 0 0 1 a 0 0 0 0 
By!) 0 0 0 0 0 0 0 0 0 
Boeeee0 0 0 0 1 0 0 0 0 
Fes ese eae pee eee ie sal ere pp 2K | aes 11 0.74 0.40 1.85 
Lg Bull: 2} 0 0 0 5 ip 1 0 0 
M. 3 0 1 0 0 0 il 0 0 0 
B OO} 0 0 0 0 0 0 0 0 0 
B Lj. 6 0 0 0 0 0 0 0 0 
K a8 WZ 0.74 0.43 L772 
r—4 | 2 2 0 0 1 2 0 0 0 
IVE Sa 3 0 0 0 5 5 0 0 0 
Love tone) 0 0 0 5 i 0 0 0 
Baa 0) 0 0 0 2 0 0 0 0 
L fb a2 1 0 0 4 8 #! 0 1 16 0.72 0.41 1.75 
1s eK) 0 0 0 is 1 2 0 0 
M 6/] 1 0 0 0 > 1 0 0 0 
B0| 0 0 0 ul 0 0 0 0 0 
Bes 20: 0 0 0 0 0 0 0 0 
M LOR ie 3 uy 0 16 6 1 0 0 26 0.72 0.41 1.75 
ae OiieS: 1 1 0 5 9 1 0 0 
Mi 333) 1 0 0 0 10 3 1 1 0 
BP 95520 0 0 0 ad 0 0 0 0 
B 10| 0 0 0 0 2 0 0 0 0 
N Ai re) 0 0 0 14 4 2 2 1 24 0.71 0.34 2.10 
TA es 0 0 1 4 4 1h 0 0 
M5) 2 0 0 0 4 1 1 0 0 
Br si 216 0 0 0 2 0 0 0 0 
Br 301.0 0 0 0 2 0 0 0 0 
0) TANGO 0 0 0 4] 0 0 0 0 20.0 0.74 0.32 2.30 
of Re LD 0 0 0 2 a 1 0 0 
AD 2H 0 1 0 0 4 3! 0 0 0 
M 9] 0 0 0 0 L Bs 1 0 0 
Beer2i 2 0 0 0 8 2 0 0 0 
Be As 0 0 0 0 0 0 0 0 


(4 in. long steps) 


BWZaa8 
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Table 2. . . (Continued) | 
34 In. Off Diam | 1% In. Off Diam 


Ist St In. i 
$ 8 ep as Diam 2nd pans In. Off Numerical 
eat ti A 3 
per6In.| Mn | Si | Mn/Si 
= 1 | 2 | 3 | 4 | 5 1 2 o 4 Length 
eee seem | es 
(4 in. long steps) 
Oi sea eR Re feu gy, 2) || Pa tl a ae. on a Rating of heat on basis of a weight 
T 2 oie le ieee 0] 9] 9 of 2 for tops and middles equals 20. 
M 4 3 0 0 0 6 2 0 0 0 The cleanness ratings of successive 
Bees On| MOM eonimolleeosimorlico. oo heats of SAE 6150 made for the aircraft 
tt engine industry in 1939 and inspected 
(4 in. long steps) : ° : 
on the basis of counting visually the 
R T : 3 3 0 0 5 3 0 0 0 19.0 0.74 0.40 1.85 slag lines and rating them according to 
a - 0 9 0 0 3 Te leo. nominee length are shown in Table 2. Fig I 
3 | 0 | 0-100 kro ; 
B 2 Pisoni | 0 aha | | onli shows these step-down ratings of the 
0 | 0 : ; 
Pa TO) Oh ol Colke heats as a function of the manganese- 
: pa ; ai 
z i 6 ae to laas alee Valet 36 0.73 0.34 | 2.2 silicon ratio for the heats. Here it is 
T 32 0 0 0 bpd 2 1 | 2 0 seen that as the manganese-silicon 
B 0 0 | 9 Deion ae 9 0} 9] 9 ratio decreases the step-down rating 
becomes less, that is, the heats become 
(4 in. long steps) progressively cleaner on the step-down 
Peete) 2 aha | ooViomanies. | 6 |-o° |) 61 Dee ites | zo” | spechem : k : 
x 12] 1 2 0 0 0) 3 2 1 | 2 The dates of melting and inspection 
B SOOT OO on BOTee 120 | ov) of these early heats of SAE 6150 were 
Osiesulwen Oo: | 0 |, 0 ‘ ; 
MEG Ie a0) | oal vam tarias a a | 2 6 about 1939 and 1940, and this practice 
of working to as high a silicon content 
4 in. teps : 
Seance P1208) as possible was adhered to throughout 
U T 6 l Dioj}o}¢)1/1}oj}4 AT 0.70 0.30 | 2.33 —the war. The manganese was kept on 
P Bo 24) ie : . pias 
Teer eee momo seo. | 0-0 the low side of the chemical limit for 
: 5 0 el kA acral lage ae es Gulag this specification, and several heats 
Pees em eae ah) Speed | de | Laie O were inadvertently made using a silicon 
(ASW ioly steps) content of 0.60 pct and a manganese 
content of 0.70 pct. These heats ran 
y t icy : : Parceuaeeie® | Said an 0.28 ee Bae true to form, and were cleaner on step- 
See OM OO AOHA Ook | . Ogh{ho . aoa : 
B2/0/0/0/ 0) 3/o]0] 0] 0 down Sg in 144-in. Hace bars. 
ANNOSPAQNICO: | O21 3)1-09lo0 | Oubyo = 
cae Momento ory Sarl ore k | Cary? Recent y we have had another con 
firmation of the effect of the manga- 
(4 in. long steps) nese-silicon ratio on the cleanness of 
oak ooo Gol sea to otto pn Me 0.70 | 0.33 | 2.12 rigidly inspected steels made to AMS 
eS al lmeNl iAe la A 24 CU 6260* which is a modification of SAE 
Pee Leste Ose | Oulee 3312. For many years before the war 
NEES etn O nll O | Ole MeGele 2) || (0-2|| 500] (0 our custom was to melt a proprietary 
: alloy grade similar to SAE 3312 steel to 
(4 in. long steps) ee: 
manganese limits of 0.30 to 0.50 pct 
x a 4 g ° alae She Soe E : 45 0.73 0.28 | 2.60 and silicon limits of 0.25 to 0.40 pct. 
ee ar wal oa a we eee ew ee The SAE limits for 3312 allowed the 
W) 0. Ol 0 4-0-4 04) B=) 0.170 ; 
B OVO On Osos 207 0) 0 | 0.) 0 manganese to be made substantially 
eon mist ds | Tce ett equal to the silicon content so that the 
(4 in. long steps) manganese-silicon ratio was approxi- 
mately unity. When the AMS specifi- 
Ses | OOF tek ole) eee hed | E |) 1 48 0.78 | 0.31 | 2.50 ; ked 
TPO Opt Oh Sac OO | 0 |/°0 cations were set up however, we worke 
Oro 10 
M 31 0 Ohi i 4 0 | 0 Pali to the upper part of the manganese 
Bo sito | 07 | OPO 1-0 =|, 0 ae 
PBeeeA Oa cOm | OclmOml One O.1|F20-,'.10 [P20 limits of 0.40 to 0.70 pet because of 
hardenability requirements and the 
Bean One Steb5) silicon limits of 0.20 to 0.35 pct, so that 
i Nat alot OO OG o-oo 25 0.83 0.46 1.80 a manganese-silicon ratio of at least 1.7 
T 4| 2 1 1 0 >| 0 0 | 4 0 was inevitable, and generally this ratio 
1 | el a a aobie on actual heats of steel was at least 
Been Ome ne serOserO mate Ox ads pO” |) 0 2.00. From the beginning of manufac- 
i ture of AMS 6260 it was noticed that 
(4 in. long steps) 5 eats 
the heats were considerably dirtier 
Ao ror seh ioe than our proprietary grade of alloy 
T 
B * AMS 6260: C 0.07/0.13 pct, Mn 0,40/0.70 
B pet, Si 0.20/0.35 pet, P 0.040 pet max., Cr 1.00/ 
1.40 pet, Ni 3.00/3.50 pct, Mo 0.08/0.15 pet. 
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Table 2. . . (Continued) 
ee ee ee SS 
1st-Step fae oa Diam 2nd eee In. Off Nuon cal 
pale Fae ao si | Mn/Si 
Heat per 6 In. ie 
| Length 
1 OF Hp wey Weert tamary otf TU Oe Ete We Ns 
(3 in. long steps) 
ABS IR Sie 4 0 0 0 5 0 1 0 0 44.0 0.73 0.22 3.30 
Ti Gy dh 1 0 0 5 4 0 0 0 
“t <4))' <6 2 0 0 7 3 1 0 0 
Me 2h 0 0 0 4 1 0 I 0 
NS ee 0 0 0 13 1 0 0 0 
Bel ss) 10 1 0 0 12 1 0 0 0 
a EEE 
(3 in. long steps) 
l 
AGE WA 0 1 0 0 6 1 1 0 0 52 0.70 0.26 2.70 
pes 0 0 0 6 2 ih 0 2 
SD) 0 0 0 b 2 0 0 0 
M. ;41, 2 0 0 0 8 0 1 0 0 
Bight TO 0 0 0 11 0 0 0 0 
BepoNe? 1 0 0 10 0 0 0 0 
(3 in. long steps) 
AD aE se Sihaul! 0 0 0 i 2 0 0 0 0.70 0.32 2.20 
Lie Bape! 0 0 0 3 4 0 0 0 
PbS) 0 0 0 3 0 0 0 0 
M 2! 0 0 0 0 3 2 0 0 0 
Bsc 20 0 0 0 1 0 0 0 0 
B 4 0 0 0 0 1 0 0 0 0 
(3 in. long steps) 
ABM ai 3 2: 0 2 1 1 1 0 0 TA 0.92 0.25 nies 
i eae ees 0 1 0 5 2 0 0 1 
T 4| 6 6 0 3 2 0 0 0 0 
M 9/ 1 0 0 0 7 2 0 0 0 
Be aS: 0 0 0 0 0 0 0 0 0 
153 PANY MH) 0 0 0 2 0 0 0 0 
| 


similar to SAE 3312 in which the silicon 
was made about equal to the manga- 
nese content. 

A cooperative program was arranged 
with an aircraft engine manufacturer 
to make two heats of AMS 6260 to 
limits 0.30 to 0.60 pct for both the 
manganese and silicon. The perform- 
ance of these two heats was compared 
with the performance of previous heats 
of AMS 6260 made to the high man- 
ganese and low silicon limits. All of 
these heats were of our own manufac- 
ture so that complete records were 
available both in our own inspection 
department and from the aircraft en- 
gine manufacturer’s magnaflux reports. 

Table 3 shows a typical melting log 
of AMS 6260, the practice shown being 
a carryover from the practice used in 
making SAE 3312 to high standards for 
cleanness. Tapping temperatures were 
held to the range 1600/1615°C, and 
1000-lb ingots were poured in 55 to 60 
sec. 

Table 4 shows the Carpenter inspec- 
tion data on step-down tests on pilot 
bars where available, and miscellaneous 
step-down reports taken from random 
bars on production orders, and also the 
percentage rejection on magnaflux in- 
spection of knuckle pins in an aircraft 
engine manufacturer’s plant. The same 
method of rating the heats on step- 
down tests was used as that described 
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above, except that in the case of pro- 
duction lots no weight could be given 
top and middle as in the pilot bar in- 
spection. (Here it is to be remarked 
that previously SAE 3312 was supplied 
for this part for some length of time, 
and the losses were consistently in the 
neighborhood of 5 pct or less on final 
rejection of this difficult knuckle pin 


_and piston pin inspection. On these 


heats the manganese was held to about 
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FIG 2—Relationship between Mn/Si 
ratio heats of AMS 6260 and per cent 
reduction of aircraft knuckle pins, magnaflux 
inspection. 


0.40 pet and the silicon content was in 
the neighborhood of 0.35 pct.) 

Table 4 shows clearly the relation of 
manganese to silicon ratio on five heats, 
to both step-down inspection data in 
our own plant and magnaflux inspec- 
tion of finished aircraft parts. Fig 2, 
plotted from some of the data in Table 
4, shows the relationship between the 
manganese to silicon ratio and the per- 
centage rejection of knuckle pins on 
magnaflux inspection. Here again the 
conclusion is obvious that the manga- 
nese and silicon contents of the heat of 
steel can exert a large influence on the 
resulting cleanness of the steel when 
other operating variables are controlled 
closely. 

An additional example can be quoted 


MANGANESE/SILICON RATIO IN STEEL 
FIG 3—Effect of Mn/Si ratio on the Si content of slag buttons from surfaces of ingots. 
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_ to show that the manganese to silicon 
balance has a large effect on the result- 
ing cleanness of steel when made in the 
basic electric arc furnace and teemed 
into ingots from a ladle lined with acid 
brick. This example has to do with a 
steel analyzing approximately 1.00 pct 
C, 1.50 pet Si, 1.50 pet Mn, and 2.50 
pet Cr. This steel was developed for the 
manufacture of large rollers and races 
which must pass magnaflux testing. 
The steel previously used analyzed 
approximately 1.00 pct C, 0.60 pct Si, 
1.75 pet Mn and 1.50 pct Cr. When 
using the latter oil hardening steel the 
results of hair-line inspection on rollers 
were very erratic. Some heats were 
good, but when hair lines occurred they 
were bad and resulted in rejections of 
15 to 50 pct. With the steel containing 


Table 3... Typical Melting Log, 
AMS 6260 


Charge 22,000 lb low alloy nickel scrap and plate. 
Melted down at 0.25 pct carbon and ored down 
to 0.036 pct carbon. 
9:00 AM.. No. 2 Preliminary test, C 0.036, 
P 0.020, S 0.028. 


DMO/9: 25). cer ere Slag-off 
eee Slag-on. 400 lb lime, 150 lb spar, 
20 lb coke breeze. After slag 
partly fused added 40 Ib 50 pct 
FeSi (lump) and 100 lb crushed 
50 pet FeSi. 
QtAD oc tals Back charge 1000 lb high 
chromium nickel scrap. 
110003050 No. 3 Preliminary test. C 0.048, 
Mn 0.15, Si 0.12, Cr 1.00 
Ni 3.78, S 0.017. 
LOSS Sees che No. 4 Preliminary test. C 0.054, 
S 0.017 
UN OSae ec 96 lb FeCr, 33 lb nickel, 20 lb 
FeMo. 
11 i Sea 115 lb 50 pct FeSi (lump) 
ESO sa. Preliminary test. S 0.010. 
nit ER IGS ee 5 lb aluminum in bath 
ESS Orctecn Tap, tap temperature 1605°C. 


3 lb aluminum to ladle. 
McQuaid-Ehn Grain Size, 5+ 


Table 4... . Stepdown and 
Magnaflux Inspection Data 


on AMS 6260, Aircraft 
Quality 
Weighted Average 
per 6 In. Length Pct Re- 
jection on 
Heat Mn/Si Knuckle- 
ce Ratio a 
Produc- Pilot Pin In- 
tion Bars spection 
Orders 
A 1.62 15.6 24 
B 2.48 21.6 38 
Cc 2.12 24.0 35 
D 0.69 7.0 14.4 BBL 
E 0.83 8.4 5.3 3.0 


1.00 pct C, 1.50 pet Si, 1.50 pet Mn and 
2.50 pet Cr, the rejections are uni- 
formly less than 2 pct. 

Having established the effect of the 
manganese-silicon balance on the clean- 
ness of steels when made by carefully 


controlled melting and pit practice, the 
problem was now to find a logical ex- 
planation for this effect. 


Part 2—The Effect of the 
Manganese Silicon Ratio on 
the Silica Content of Slag 
Patches on Ingot Surfaces 


In the introductory remarks we 
pointed out the possible effect of man- 
ganese and silicon contents of molten 
steel on the chemical composition of 
ladle wash, as evidenced by the slag 
patches commonly found on the sur- 
face of the metal as it is rising in the 
molds. It was suggested that the princi- 
pal effect of the manganese and silicon 
content of the steel on the ladle brick 
and metal interface would be to form 
a slag whose viscosity, or fluidity, 
would be determined by this balance 
of manganese and silicon. 

Slag buttons were collected from the 
surface of ingots, and in some cases 
from the upper surface of the steel as 


it was poured in the molds. This inves- — 


tigation was not concerned with any 
particular grade of steel because the 
general chemical composition of such 
slag buttons was desired. Consequently 
a variety of SAE grades of steel were 
sampled, in addition to several grades 
of tool steels. 

Table 5 shows analysis of the metal 
and of the corresponding slag buttons 
collected from these heats. For the 
purpose of this discussion it is sufficient 
to show the total silica, total alumina, 


total iron as FeO, MnO and Cr.0; com- 
position of these slags. 

These slag analyses fall into two 
groups, first, those having up to about 
25 pet Al,O; and second, a few show- 
ing approximately 35 pct Al,O3. Fig 3 
shows the total silica content of these 
slag buttons as a function of the man- 
ganese-silicon ratio of the steel from 
which they were collected. Two group- 
ings are shown in Fig 3 corresponding 
to the two Al,O; contents of the slag 
buttons. Considering first the 25 pct 
Al,03 group, it is seen that the satura- 
tion value for this type of slag ap- 
proaches 45 to 50 pet by weight, and 
that the saturation value is rapidly 
approached as the manganese-silicon 
ratio approaches unity. At a manga- 
nese-silicon balance of 1.5 the silica 
concentration of these slags drops to 
40 pct, and at a ratio of 2.50 the concen- 
tration drops steadily to 35 pct. After 
this the silica concentration drops 
gradually with increasing manganese 
to silicon ratios, until in the region of 
manganese contents of 1.25 to 1.75 pct, 
with silicon values of about 0.25 pct, the 
silica concentration is about 30 pct. 

The same general conclusions are ob- 
tained on the few samples containing 
approximately 35 pct Al,O;. Here the 
saturation silica concentration seems 
to be approximately 40 pct, and this 
saturation value for silica is reached at 
a manganese-silicon ratio of somewhat 
less than unity. At a manganese-silicon 
ratio of unity the silica concentration 
in the slag buttons is approximately 
35 pet, while at a manganese-silicon 


Table 5 . . . Composition of Slag Buttons from Surfaces of Ingots 


Metal Analysis Per Cent Slag Analy Le, Cent by 
Heat Grade 
Cc |Mn| Si | Cr | Ni} Mo] V | Mn/Si| SiO2| ALO; | FeO | MnO/Cr20s3 
1 | SAE 4340 0.39 |0.61/0. 20/0. 70/1. 74/0. 22 3.05 | 30.8] 31.8 | 6.6 | 32.9] 1.31 
2 4340 0.41 |0.70/0.29/0.68]1.83/0.28 2.4 | 36.5|-27.1 | 3.8 | 33.7] 0.79 
3 3140 0.35 |0.55/0.21/0.70]1.31 2.6 | 33.9] 32.9 | 3.9 | 31.2] 0.80 
4 | TS* 0.89 |1.72/0.27/0.11/0.05 6.4 | 30.8] 25.6 | 6.0 | 40.5 
5 |TS 0.92 |0.26/0.16/0.15 1), 637| 40.6) 27-7 | S22 eset 
6 | Band Saw 0.94 |0.23/0.09]0.36/0.04 2.7 | 35.5] 31.0 | 6.9 | 25.8] 1.20 
7 | Band Saw 0.96 |0.22/0.16/0.37|0.06 1.38 | 38.3] 29.1 | 5.7] 25.1] 1.02 
8 | SAE 6150 0.50 |0.68/0.50/0. 93/0. 06 0.21] 1-35 | 43.2] 23.9 | 4.2 | 25.5] 2.88 
9 | Thread Gauge |0.20 |1.38]0.22/0. 09 6.3 | 31.0] 25.3 | 4.8 | 39.5 
10 | SAE 4340 0.38 |0.70/0.17]0. 75/1. 87 4.7 | 29.0] 34.5 | 5.1 | 32.9] 0.74 
11 3220 0.15 |0.36]0. 33/1. 08/1.70 1.09 | 44,6] 18.0 | 5.36] 26.8] 4.0 
12 4620 0.17 |0.46/0.24/0.12/1.85 1.91 | 37.8] 28.6 | 4.4 | 28.9 
13 52100 1.03 |0.32/0.29|1. 44/0. 05 1.10 | 44.1] 16.2 | 8.04] 23.2] 7.9 
14 52100 1.07 |0.40/0.32/0.45/0.04 1.25 | 50.5] 20.7 | 5.1 | 24.3] 1.5 
15 52100 1.01 |0.35/0.26]1.42] ~ 1.35 | 42.9] 22.2 | 6.2 | 24.6] 5.4 
16 3312 0.095]0.37/0.30|1.56/3.54 1.25 | 42.6] 19.4] 5.2 | 25.7] 4.7 
17 |TS 0.50 |0.34/0.99]0.11/0.10/9- 40 0.34 | 45.2] 8.5 |31.9 | 12.2] 1.23 
18 |TS 0.52 |0.34]1. 08/0. 10]0. 09/9- 45 0.32 | 45.2] 20.0 |17.7 | 16.5] 9.70 
19 | TS 0.50 |0.65/1.92/0. 22/0. 04 0.34 | 41.7] 22.9 |13.9 | 23.5 
20 |TS 0.47 |0.35]1.05]0.13]0.14]9-43 0.33 | 38.6 34.8 | 8.2 | 19.4 
21 |TS 0.50 |0.34/1.03/0.15/0.05)9-43 0.33 | 37.4] 33.4] 9.9 | 19.3 
22 | SAE 2515 0.11 |0.46]0. 26/0. 09/4.96 1.75 | 35.3] 34.8 | 5.4] 26.4 
*TS = Tool Steel. 
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ratio of 3 the silica concentration is 
approximately 30 pet by weight. 

Fig 3 confirms the results of Korber 
and Oelsen? on the saturation solubility 
of silica in acid slags containing about 
25 pet alumina, and other quantities of 
FeO and MnO. Due to the nature of 
the sampling in our experiments on 
these slag buttons, some spread in 
values is to be expected for the total 
silica content, but the data do indicate 
that a saturation value of 45 to 50 pct 
by weight silica is found in these acid 
slags containing about 25 pet alumina. 

From the behavior of the slags con- 
taining approximately 35 pct alumina, 
it is clear that the saturation solubility 
of silica is evidently lower in these slags 
than in the 25 pct alumina series. Only 
5 heats were found which showed 35 
pct alumina in their slag buttons, and 
the reason for these heats deviating 
from the 25 pct alumina type is not 
known. 

For the time being it is well to re- 
member that Herty, Conley and 
Roger‘ measured the viscosities of slags 
in the acid slag system FeO-MnO- 
SiO, at about 1550°C. They found that 
as the silica concentration of the slag 
approached saturation at this tempera- 
ture, then the viscosity of the slag 
increased greatly. Korber and Oelsen? 
found the saturation solubility of silica 
in slags composed of FeO, MnO, and 
SiO, to be approximately 50 pct by 
weight at 1600, 1550 and 1500°C. 
Korber and Oelsen? also found the 
saturation solubility of silica to be 50 
pectin slags composed of 25 pct alumina, 
ferrous oxide and manganous oxide. 


Part 3—Caleulation of 
Equilibrium between Liquid 
Metal and Acid Ladle Briek 


The foregoing data relating to the 
effect of the manganese silicon balance 
on the resulting cleanness of basic elec- 
tric arc melted steels, and on the silica 
content of slag buttons and slag patches 
on the sides of ingots, have been inter- 
preted qualitatively on the basis that 
the manganese and silicon contents of 
the steels have a large effect on the 
chemical composition of the interface 
between the molten metal and the ladle 
brick. As the manganese-silicon ratio in 
steel becomes unity or less, the steels 
become cleaner on any test which 
measures the macroscopic cleanness of 

the steel; such as the magnaflux or 
step-down methods. Furthermore, we 
have shown that as the manganese- 
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silicon ratio becomes unity or less, then 
the composition of the slag buttons on 
the sides of ingots becomes such that 
the silica content is rapidly approaching 
saturation. From experimental studies 
on acid slags, we know that the vis- 
cosity of such slags increases rap- 
idly as the silica content approaches 
saturation. 

There is another method of attack 
which can be used to test the hypothe- 
sis that the genesis of these slag but- 
tons, and hence the slag lines, is at the 
metal-brick interface in the ladle, and 
that is to set up a system to calculate 
the composition of these slag buttons 
from the chemical composition of the 
heat. Such a method can make use of 
the available laboratory studies which 
have been made on the equilibrium of 
molten steel under acid slags. Ad- 
mittedly the molten steel-brick inter- 


Table 6... Silicon-FeO Balanced 
Reaction in Liquid Steel 


Temperature, °C [Si] * [FeO]? 
1600 tx LO-4 
1550 2,72 X 1074 
1500 0.78 X 1074 


Table 7... Distribution of Free 
Ferrous Oxide between Slag 
and Liquid Iron 


Mol Per Cent FeO in Slag 


Temperature,°C Pct by Wt. FeO in Metal 


1550 85 
1575 77 
1600 69 


face is not at equilibrium in a strict 
sense of the word, since the interface is 
continually breaking up into small 
globules, and a new interface is being 
formed by reaction of the steel with the 
brick which contains approximately 
65 pct silica, 30 pet alumina, and 5 pct 
ferric oxide. However, at the tempera- 
tures of inolten steel in the ladle there 
is a good chance that the reaction rates 
are fast enough so that the composition 
of the interface approximates the equi- 
librium composition. 

The experiments of Kéorber and 
Oelsen? on the equilibrium of molten 
steel containing manganese and silicon 
under acid slags containing FeO, MnO 
and silica, when the slag is saturated 
with silica, can be used to calculate* 
the dissociation constants of ferrous 
and manganous silicates in acid slags. 
To do this, it is necessary that a value 
be known for the solubility product of 


_ [Si] X [FeO]?. The value determined by 


Korber and Oelsen’s? data probably 


* The calculations which follow are similar to 
those made by H. Schenck, Physikalische Chemie 
der Hisenhijtten prozesse, 2, J. Springer, Berlin, 


represents the best value available at 
the present time. Their values for this 
product, expressed in terms of per cent 
by weight silicon and FeO in solution in 
liquid steel are given in Table 6. 

The distribution ratio of Herty and 
Gaines® showing the free mol pct of 
FeO in liquid slags divided by the pct 
by weight of FeO in liquid steel may be 
expressed as in Table 7. 

The relationships of Tables 6 and 7 
may be combined to give the product 
of (Si) X (Free mol pct FeO in the 
slag)? as shown in Table 8. 

The experiments of Korber and 
Oelsen? used liquid steel in sand cruci- 
bles in which melts of iron, manganese 
and silicon were allowed to come to 
equilibrium with acid slags containing 
FeO, MnO and silica. Since the cruci- 
bles were of sand, the slags were 
saturated with silica. Considering the 
constitution of the slag phase, we would 
like to emphasize that the following 
remarks on the probable molecular con- 
stitution of these slags are made in the 
light of setting up a set of molecular 
dissociation constants which may or 
may not have the correct physical 
meaning. What we plan to do is to 
obtain a set of molecular dissociation 
constants for these acid slags which 
will reproduce Koérber and Oelsen’s? 
data, and then these constants will be 
used to calculate the probable equi- 
librium between acid slags and liquid 
steel under conditions different from 
those of the laboratory experiments. 


Table 8 . . . Balanced Reaction 
between Pct Si in the Metal and 
Free Mol-pct FeO in Slags, 
and by Pct Weight FeO in 
Slag if the Number of 
Mol per 100 G, M, is 


Known 
Temperature,°C| [Si] X (FeO)? | [Si] x {FeO} 
1550 1.98 1.06 M2 
1575 27 1.43 M2 
1600 3.82 | 1.73 M2 


The constitution of the slags will be 
FeO, MnO and SiO,, and the molecular 
constituents present will be taken to 
be free FeO, free MnO, free SiO», and 
FeO.Si0. and MnO.SiO2. The ordinary 
chemical analysis will yield only the 


1934. However, different values for the dissoci- 
ation constants of FeO.Si02 and MnO.SiO2 are 
used by Schenck in his work than those which we 
will presently derive. For this reason, we will 
show briefly our method of calculating and 
checking those dissociation constants. 
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total amounts of FeO, MnO and SiO.. 
The amount of free FeO, as distinct 
from the amount of FeO combined with 
silica can be obtained by use of the 
silicon-ferrous oxide solubility product. 
If the silicon content is known, then 
Table 8 will give the amount of ferrous 
oxide present in solution, but uncom- 
bined with silica, in the slag. Assuming 
that the mol percent of free FeO can 
be converted to percent by weight of 
FeO (this can be done if the molecular 
weight of the slag is known), then a 
subtraction of this value from the total 
per cent by weight of FeO present will 
yield the amount of FeO combined with 
silica. 

The equilibrium between manganese 
in liquid steel and free FeO and free 
MnO in slags is known from the experi- 
ments of Krings and Schackmann® and 
Korber and Oelsen.? This relationship 
is of the form: 


{MnO} 


Kum = TFeO}[Mnl 


(1] 


and values for Kym are shown in Table 
9. In Table 9 the FeO and MnO quan- 
tities refer to weight percent of uncom- 
bined FeO and MnO in the slags. 


Table 9... Balanced Reaction 
between Free FeO and MnO 
in Slags and Mn by Weight 
in Liquid Steel 


{MnO} 
Temperature, °C KMn = {FeO} [Mn] 
1575 ba 
1600 2.0 
1625 1.8 


Thus, knowing the manganese con- 
tent of the liquid metal and the free 
FeO as determined from the silicon 
content as outlined above, the free 
MnO content of the slag can be calcu- 
lated. A subtraction from the total 
MnO content as determined by chemi- 
cal analysis will determine the amount 
of MnO combined with silica. 

J. White? has published experimental 
data on the dissociation of FeO.SiO, in 
liquid acid slags at temperatures rang- 
ing from 1550 to 1625°C. White’s data 
can be represented by the following 
relationship: 

170 


(FeO.Si0.) _ 7170 


Log (FeO) (SiOz) T 5.211 


[2] 
where the concentrations are in mol 
percents, and TJ is the absolute 
temperature. 

When the dissociation constant for 
FeO.SiO. is determined from K6rber 
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FIG 4—FeO-MnO-SiO, slags, 1600°C. 


and Oelsen’s? data as outlined above, 
it is found that the value is virtually in 
agreement with White’s value in Kq 2. 
This indicates that White’s dissociation 
constant is consistent with the data of 
Korber and Oelsen.? The dissociation 
constant for MnO.SiO, determined 
from Korber and Oecelsen’s? data as 
outlined above is 


(Mn0.Si0O2) 6030 
where the concentrations are in mol 
percents, and T indicates the absolute 
temperature. © 

Equilibrium at 1600°C in the system 
Fe-Mn-Si-FeO-MnO-SiO, may be com- 
puted by means of these two dissocia- 
tion constants, and Tables 6, 7, and 8. 
These calculations are summarized in 
Fig 4, where the MnO and FeO con- 
tents of an acid slag are shown as a 
function of the Mn and Si contents of 
the bath. The shaded line in Fig 4 indi- 
cates the saturation value of 50 pct 
for silica as found by Korber and 
Oelsen.? The balanced manganese and 
silicon content under an acid slag con- 
taining 50 pct silica may be determined 
by reading the intersection of the Mn 
and Si lines with this 50 pet silica line. 
Thus, for 0.30 pct Mn, the correspond- 
ing silicon content for 50 pct SiOz is 
0.09 pet; for 0.50 pet Mn the silicon is 
0.15 pet; and for 0.70 pet Mn the silicon 
is about 0.28 pct. Fig 5, curve A shows 
the experimental Mn and Si contents 
in liquid steel at 1600°C under acid 
slags containing 50 pct silica, after 
Korber and Oelsen.? The calculated 
values determined from Fig 4 are 
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shown as squares, and the conclusion is 
drawn that these dissociation constants 
for MnO.SiO» and FeO.SiO» reproduce 
Korber and Oelsen’s? data over a con- 
siderable range of Mn and Si contents. 

Korber and Oelsen? also determined 
the Mn and Si contents of liquid steel 
under acid slags containing 25 pct 
Al,0; and 50 pet SiO, at 1600°C. These 
data are reproduced in Fig 5, curve B. 
The dissociation constant for Al,O3.- 
SiO, = 0.49 (this is the same value as 
the dissociation constant for MnO.SiO, 
at this temperature) yields the curve 
shown in Fig 5, labeled curve C. Larger 
dissociation constants for Al,.03.SiO» do 
not make significant changes in this 
curve, therefore this is as far as this 
type of analysis can be carried at the 
present time to determine the dissocia- 
tion constant for Al,03.Si0O». 

The temperature variation of the 
dissociation constant for Al,O3.SiO2 is 
taken to be the same as MnO.SiO>. 

The equations used at temperatures 
of 1550 and 1500°C to calculate the 
composition of acid slags containing 
about 25 pct alumina as a function of 
the manganese and silicon content of 
liquid steel are shown below: 


25 pet Al,O;-FeO-MnO-SiO.-Slags at 
L550°G* 


SFe0 = {Fed} | 1+ 98° si0 | 


*In Eq 4, 5 and 6, [] refers to weight per- 
centage in liquid steel, 2 indicates the total 
percent by weight of SiO», or MnO, etc. in the 
slag phase, 3 indicates the percent by weight 
of a molecular constituent, such as free SiQ2, 
free MnO, etc. in the slag phase, and M is the 
number of mols per 100g when the slag constituents 
are computed as free FeO, FeO.SiO2, free MnO, 
etc. sf a5 
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FIG 5—Mn-Si balance at 1600°C in liquid steel under acid slags 
saturated with silica (2SiO. = 50 pct). 


2MnO = {MnO} E ie (sid. | 


; ' 0.072 
DSiO» = {SiO.} E a ae {FeO} 
0.84 0.60 
OD ree 
2DAI,03 = {Al,03} E + aa (si0,} | 
= 25 pct 
[Si]{FeO}2 = 1.06? 
r {MnO} 
[Mn] = 0.418 “Feo; [4] 


25 pet Al,O;-FeO-MnO-SiO, Slags at 
1500°C* 


DFeO = {FeO} E ions (sid. | 


>Mn0 = {MnO} | 1 + +=” {sio,} | 
ZSi02 = {8i0,} | 1 + 27 Feo} 
1.06 0.76 
+ “ap {MnO} + Si (A1.05} | 
ZAI,03 = {A103} [1 =r (Si0.} | 
= 25 pet 
[Si]{ FeO}? = 0.86? 
ya {MnO} 
[Mn] = 0.32 Foo) [5] 


Further, the calculated free, or un- 
combined, alumina in these slags will 
be about 2.5 pet by weight when calcu- 


' * See footnote on p. 23. 
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lated according to the above sets of 
formulas, and the mols per 100 g in the 
slag will be about 0.93 (M). The free 
silica can be obtained approximately 


by 


75 — {FeO} — {MnO} 


0.158 1.84 


1.5 [6] 
1+—ay- {FeO] +4 {MnO} +>, 


{SiOz} = 


As a sample calculation, let the man- 
ganese content of liquid steel in the 
ladle be 0.70 pct and the silicon content 
0.17 pet, and we desire to calculate the 
total FeO, MnO and SiO» contents of 
the equilibrium slag containing 25 pct 
Al,O3. Take the temperature as 1550°C. 
Let M = 0.93, then 
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DFeO = Total FeO = 2.32 

[1 + 0.572] = 3.64 
=MnO = Total MnO = 3.88 

[1 + 6.68] = 29.80 


In terms of mol per 100 g, these are 
FeO = 0.0505, MnO = 0.4380, Al.03 
= 0.3470, and free SiO. = 0.103, to 
give M = 0.938. These calculated total 
FeO and MnO contents of the slag are 
to be compared with FeO = 5.4 and 
MnO = 32.9 found experimentally for 
heat (10) shown in Table 5. 

In a similar manner, a broad range 
of FeO and MnO contents of acid slags 
containing 25 pet Al,O; and the re- 
mainder silica can be calculated as a 
function of the manganese and silicon 
content of the liquid steel. These cal- 
culations are summarized in Fig 6 and 
7 for temperatures of 1550 and 1500°C. 

Table 10 shows the predicted MnO 
and FeO contents in the equilibrium 
acid slag containing 25 pct AI,Os;, 
balance silica slags for the manganese 
and silicon contents of the heats shown 
in Table 5. In general the trend is 
evident that Fig 6 and 7 predict with 
reasonable accuracy the composition of 
the slag buttons found on ingots. Con- 
sidering the fact that equilibrium is 
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FIG 6—25 pct Al,O;-FeO-MnO-SiO, slags 1550°C. 
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Table 10 . . . Composition of Slag Buttons from Surfaces of Ingots 


—— ee 


Analysis Slag Analysis 
Heat ; 
c | Mn Si Cr Ni Mo Vv SiO2 | AlsOs| FeO | MnO | Cr:O3 
1 0.41 | 0.70 | 0.29 | 0.68 | 1.83 | 0.28 Sosa Nene! |-3.8 33.7 | 0.7 

Predicted slag (1550°C) "i 3.0 PANES < 
Predicted slag (1500°C) 255 29.0 

2 0235" 10255 1 OE28 10870) 1 10381 aoo9 | 32.9 | 3-9 31.2 | 0.80 
Predicted slag (1550°C) 4.0 27.0 
re: slag (1500°C) BaD 29.0 
3 0.89 | UTS} 0.27 (|) 0.11 | 0.65 30.8 | 25.6 | 6.01 40.51 
Predicted slag (1550°C) e250) |p ope 
Predicted slag (1500°C) | 2.0 37.5 
4 0.92 | 0.26 | 0.16 | 0.15 40-6 | 2727 bBo 28.1 
Predicted slag (1550°C) | 6.0 | 22.0 
Predicted slag (1500°C) 4.5 23.5 

5 0.94 | 0.23 | 0.09 | 0.36 | 0.04 35.52] 31.0 | 6.9 25.8 | 1.20 
Predicted slag (1550°C) 7-6 DTS 
Predicted slag (1500°C) Sas 24.0 

6 0.96 | 0.22 | 0.16 | 0.37 | 0.06 | 38.3 | 29.4 | 5.7 2ae9 Pek 02 
Predicted slag (1550°C) | | 6.5 21.0 
Predicted slag (1500°C) | 5.0 23.0 

1 0.50 | 0.68 | 0.50 | 0.93 | 0.06 sok | AS.2 | 23.9 7 ae 20.0 | 2.88 
Predicted slag (1550°C) 3.0 26.5 
Predicted slag (1500°C) 225 28.0 
8 0.20 | 1.38 | 0.22 | 0.09 31.0 | 25.3 | 4.38 39.5 
Predicted slag (1550°C) By 34.0 
Predicted slag (1500°C) 2D 34.5 

9 0.38 | 0.70 | 0.17 | 0.75 | 1.87 29.0 | 34.5 | 5.4 32.9 | 0.74 
Predicted slag (1550°C) 4.5 29.0 
Predicted slag (1500°C) 3.0 30.5 

10 0.15 | 0.36 | 0.33 | 1.08 | 1.70 44.6 | 18.0 | 5.36 | 26.8 | 4.0 

Predicted slag (1550°C) 4.00 | 22.0 
Predicted slag (1500°C) 3.5 24.0 
11 0.17 | 0.46 | 0.24 | 0.12 | 1.85 37.8 | 28.6 | 4.4 28.9 
Predicted slag (1550°C) 4.5 2555) 
Predicted slag (1500°C) 3.5 raf ob) 

12 1.03 | 0.32 | 0.29 | 1.44 | 0.05 44.1 | 16.2 | 8.04 | 23.2 | 7.92 
Predicted slag (1550°C) 4.5 22.0 
Predicted slag (1500°C) ae 24.0 

13 1.07 | 0.40 | 0.32 | 0.45 | 0.04 SUS Elec Ond | O08 | 2a. oo lad oo 
Predicted slag (1550°C) 4.0 23.0 
Predicted slag (1500°C) 3.0 25.0 

14 LeOh-) OF35) | 10-26 | 1.42 42.9 | 22.2 | 6.2 24.6 5.36 
Predicted slag (1550°C) 5.0 23.5 
Predicted slag (1500°C) Ses 25.0 

15 0.095| 0.37 | 0.30 | 1.56 | 3.54 42.6 | 19.4 | 5.2 25.70 4.67 
; Predicted slag (1550°C) 4.0 PP ANG 
Predicted slag (1500°C) 3.5 24.5 


probably not reached in the glassy 
brick-metal interface but is approached 
to some degree before the glassy glob- 
ules slough off and either rise to the sur- 
face of metal in the ladle or are trapped 
in the stream near the nozzle and car- 
ried into the ingot, the calculations are 
as good as can be expected. 

The degree with which the composi- 
tion of the slag buttons on the surface 
of ingots melted in the basic electric 
arc furnace can be calculated, leads to 
the conclusion that this slag is coming 
from the ladle and represents globules 
of the glassy interface between ladle 
brick and the liquid metal. These com- 
positions were computed on the basis of 
equilibrium data obtained by allowing 
liquid steel to come to equilibrium with 
acid slags in silica crucibles. Thus, the 
reasonable agreement found between 
these calculated slags and the composi- 
tion of the slag button shows that the 
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manganese and silicon contents of the 
liquid steel in the ladle determine to a 
large measure the chemical nature of 
the interface between ladle brick and 
metal. 


Summary and Conclusions 


1. Data have been presented to show 
the effect of manganese and silicon con- 
tents of basic electric arc melted steel 
on the resulting cleanness as measured 
by the magnaflux test or step down- 
rating for heats representative of SAE 
6150, AMS 6260 and a 1 pct carbon, 
high manganese, high silicon roller 
bearing grade of steel. These data show 
that a high manganese content together 
with a low silicon content of the steel 
leads to more nonmetallic indications 
on step-down tests than are present 
when the manganese and silicon con- 
tents are substantially equal. This ef- — 
fect is quite clear on the three grades 
discussed here, and the effect was ap- 
parent when heats were made in 
succession by fairly rigid control pro- 
cedures governing the deoxidation 
practice, refining slag practice, tapping 
temperatures and pouring times, and 
using the minimum of aluminum for 
grain size control. The data apply par- 
ticularly to basic electric steels melted 
in 12-ton furnaces and ingot sizes of 10 
to 15 in. square (1000 to 2000 lb ingot 
weight). ; 

2. Experimental data have also been 
shown which indicate that the manga- 
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FIG 7—25 pct AlzO;-FeO-MnO-SiOs slags 1500°C. 


25 


nese and silicon contents of the liquid 
steel, as expressed by the manganese to 
silicon ratio, do in fact affect markedly 
the silica content of slag buttons col- 
lected from the sides of ingots. Qualita- 
tive microscopic data indicate that a 
large percentage of nonmetallics which 
cause magnaflux and step-down rejec- 
tions have the same characteristics as 
these slag buttons and ladle wash. 

3. Detailed calculations are sum- 
marized to show that an extension of 
equilibrium data obtained by Korber 
and Oelsen? in iron melts containing 
manganese and silicon under SiO2-FeO- 
Mn0O-Al1,0; slags accounts reasonably 
well for the observed slag patch analy- 
ses obtained experimentally. 

4. A detailed picture of the chemical 
influence of liquid steel on the physical 
characteristics of the metal-brick inter- 
face is presented in view of the above 
experimental data. We adopt the out- 
look that the majority of nonmetallics 
which are detected by means of 
macroscopic tests such as the magna- 
flux test or step-down ratings have 
their genesis at the interface between 
liquid steel and ladle brick, and the 
nozzle. When liquid steel is tapped 
from a basic electric arc furnace into a 
ladle lined with brick containing about 
65 pet Si02-30 pet Al,O3-5 pet Fe.0;, 
the brick is first softened or melted at 
the metal-brick interface. Chemical 
reactions then take place between the 
liquid steel and this interface so that 
its chemical composition approaches 
that of an equilibrium acid slag con- 
taining SiO.-MnO-FeO and Al,O3. The 
chemical composition of this slag will 
have a marked influence on its vis- 
cosity and hence its ability to resist 
erosion. For silica contents near the 
saturation value for such slags, that is 
about 50 pct SiO», coupled with low 
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MnO values, the slag will show a 
somewhat higher viscosity than would 
result if the silica content were lower 
than its saturation value. The data we 
have shown above in fact represent a 
study of the influence of the manganese 
and silicon content of liquid steel on the 
resulting silica content of this metal- 
brick interface, as reported by the slag 
buttons and slag patches from the sides 
of ingots. 

As the steel flows through the nozzle 
of the ladle the inverse rain of acid slag 
globules coming from the metal-brick 
interface in the neighborhood of the 
nozzle are trapped in the steel and 
carried down into the ingot mold as the 
metal is being teemed. These non- 
metallics are carried for a considerable 
distance below the surface of the metal 
as it rises in the molds, and are swept 
to the sides and upward as a result of 
the velocity gradients created in the 
liquid steel by the force of the stream. 
The metal is freezing from the sides of 
the mold inward, and a mushy zone 
of metal extends for a considerable dis- 
tance into the body of the liquid steel 
because of the high rate of heat con- 
duction at the mold wall. Thus these 
nonmetallics stand a good chance of 
being trapped in this zone of mushy 
metal as the ingot is being teemed. 
Cold metal and slow teeming together 
or separately will lead to more entrap- 
ment of these nonmetallic globules, 
other conditions remaining constant. 

Thus, starting with attention focused 
on tapping temperatures, pouring times 
and several operating variables in the 
furnace, the electric furnace operator 
can take a large step in cleaning up 
nonmetallics in such steels by focusing 
attention on the manganese and silicon 
balance of the steel. The effect is con- 
siderable and can be accomplished 
easily provided chemical specifications 
will permit. 
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5. In view of the above effect of 
manganese and silicon on.the cleanness 
of basic electric arc melted steel, and 
the importance of such cleanness in air- 
craft and specialized alloy steel uses, it 
is suggested that the engineering 
societies concerned with steel specifi- 
cations review the silicon contents 
of these specifications. Such reviews 
should be directed toward enabling the 
steelmaker to balance the silicon con- 
tent against the manganese content 
where possible, to take advantage of 
the effect of these two elements on the 
resulting cleanness of steel. 
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The Influence of Temperature 
on the Affinity of Sulphur for 
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As a result of using copper-contain- 
ing scrap in the steelmaking process, 
the copper content of steels has been 
steadily increasing for years. Conse- 
quently the possible role copper may 
play in the steelmaking process and in 
the finished product begins to attract 
the metallurgists’ attention. Some time 
ago one of the present authors for- 
warded the idea—based on the results 
of the analysis of nonmetallic inclu- 
sions extracted electrolytically from 
steels—that sulphur in plain carbon 
steels is distributed mainly between 
copper and manganese, the amount of 
iron sulphide being very small; and 
that, consequently, the problem of 
copper and that of sulphur in steel 
cannot be treated separately. 

At the time of the publication of the 
quoted paper little was known about 
the relative affinities of copper and 
manganese for sulphur at high tem- 
peratures except that at moderate 
temperatures (below 1000°C) the affin- 
ity of manganese for sulphur is much 
greater. To gather more experimental 
data on this subject, the present 
authors undertook the investigation 
of the equilibrium constants of the 
reactions: 


2M Xs or 1) ae Sx) = 2MnSv) 


ACu(s or 1) + Say = 2CuS (s or 1)* 
2F e(s) + Sax) = 2F eS (s or 1) 


over a range of temperatures wide 
enough to establish the dependence 
of these equilibrium constants on tem- 
perature. From the equilibrium con- 
stants (K = 1/Ps,) the free energy of 
formation (affinity) can be calculated 


* Regardless of the form in which copper 
‘sulphide may be found in steel at low tempera- 
tures (be it CuS or Cu2S), the high temperature 
reactions are concerned only with CusS, CuS 
being unstable above the temperature of red heat. 


from 


AF° = —RTin 1/Ps, [1] 


where the standard conditions chosen 
are: 1 atm of sulphur pressure and the 
activities of condensed components 


_equal one. 


The decomposition pressure, Ps,, of 
sulphur over the respective sulphides 
is too small to be measured directly, 
but there is a way of eliminating this 
difficulty by measuring the equilibrium 
constant of the reaction between the 
sulphide and hydrogen. From the latter 
and from the equilibrium constant of 
the thermal dissociation of H.S we 
then calculate Ps, for the respective 
sulphide. 


2Mn + 2H.S = 2MnS + 2H, 
2H. + So = 2H.S 
2Mn + S, = 2MnS 


The numerical values of the equi- 
librium constant of the thermal dis- 
sociation of H.S at different tempera- 
tures were taken from Kelley’s paper, 
“The Thermodynamic Properties of 
Sulfur and its Inorganic Compounds.’”? 

In previous experimental work pub- 
lished by Jellinek and Zakowski® and 
by Britzke and Kapustinsky‘* the equi- 
librium constants of the reactions 
Metal sulphide + H. = H2S + metal 
were determined by passing hydrogen, 
at different rates of flow, over the 
sulphide, analyzing the resulting H.S 
+ H, mixture and then extrapolating 
the H,S/H; ratio (which is a function 
of the rate of flow) to the zero speed of 
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flow, a method necessarily involving 
considerable uncertainty. In the pres- 
ent work the equilibrium ratio was 
actually measured instead of being 
extrapolated. The apparatus is shown 
in Fig 1. 


Experimental Procedure 


The sulphides were prepared by the 
following methods: 


FeS 


Powdered iron which had been re- 
duced with hydrogen (ferrum reduc- 
tum) was mixed in stoichiometric ratio 
with sublimed sulphur and carefully 
ground. The mixture was put into an 
alundum crucible, covered with pure 
sulphur, and the reaction started by 
touching the mixture with a glowing 
iron rod. After the reaction was com- 
pleted the product (still containing 
some metallic iron) was again ground 
with sulphur, put into a Rose crucible, 
covered with sulphur, and heated in a 
strong current of pure hydrogen. 
Analysis of the final product showed 
62.46 pet Fe and 36.59 pct S. Theo- 
retical for FeS: 63.53 pct Fe and 
36.47 pet S. 


MnS 


Manganese sulphide (precipitated 
and carefully washed with distilled 
water containing H.S) was dried in a 
Rose crucible in an atmosphere of H.S 
and heated in a current of hydrogen 
for 2 hr at red heat. The product was 
then ground and ignited for several 
hours at 1000°C in a current of hydro- 
gen sulphide. Analysis showed 64.53 
pet Mn and 36.63 pet S. Theoretical: 
63.15 pet Mn and 36.85 pet S. 

Some MnS samples were prepared 
from metallic manganese and sublimed 
sulphur by mixing and grinding them 
and then heating in a current of 
hydrogen sulphide in an alundum tube. 
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Rotating 
Magnet 


Thermocouple 
(Regulation) 


Thermocouple 
(Mea surement) 


A ————— 


/ 
Alundum 


Pyrex 


FIG 1—Diagram of apparatus. 


No difference was noticed between 
the MnS samples obtained by the two 
methods, as far as the value of the 
equilibrium constants was concerned. 


Cu.$ 


Reagent grade CuCl, was dissolved 
in hydrochloric acid solution and 
treated with hydrogen sulphide. The 
precipitate of cupric sulphide was 
washed with glacial acetic acid and 
dried at 110°C. It was then placed in 
a Rose crucible and heated in a stream 
of hydrogen at 600°C for 30 min. 
Analysis ‘showed 79.78 pct Cu and 
19.68 pct S. Theoretical for Cu,S: 
79.86 pet Cu and 20.14 pct S. 

The alundum boat A containing a 
few grams of powdered sulphide (or 
a mixture of sulphide and the respec- 
tive metal) was placed in a vacuum- 
tight tube (quartz, mullite, or Norton 
Co. RA1164 alundum) about 36 in. 
long and about 1 in. id, which was 
mounted inside the furnace B; the 
region of uniform temperature inside 
the tube was found to exceed the 
length of the boat by a few inches on 
each side. The rest of the system was 
of pyrex glass and was connected to 
the ends of the furnace tube by means 
of Apiezon, in the case of the alundum 
tube. When the quartz furnace tube 
was employed the connections were by 
means of graded quartz-to-pyrex seals. 
When the mullite tube was used, 
uranium glass was the intermediate 
in the mullite-to-pyrex seal. The 
Apiezon connections used for the 
alundum tube were always kept cool, 


if necessary by blowing a current of 
air on them. After the system had 
been evacuated and checked for tight- 
ness, carefully purified hydrogen (tank 
hydrogen passed through 1:1 KOH, 
concentrated KMnO,, Pd-asbestos at 
500°C, and P.O;) was admitted up to 
atmospheric pressure and the system 
evacuated again, the operation being 
repeated three times to insure the 
removal of any traces of oxygen which 
might have remained in the system 
after evacuation. The temperature 
was then set at the desired level and 
kept constant by means of a Micromax 
controller. The thermocouple con- 
nected with the Micromax was placed 
outside of the reaction tube while the 
thermocouple measuring the tempera- 
ture of the reaction was placed inside 
the tube directly over the boat con- 
taining the sample. This arrangement 
assured a considerable constancy of 
the temperature inside of the tube, 
where the variations did not exceed 
+1°C. The hydrogen was circulated 
over the sample and through thesys- 
tem (the total volume of which was 
about two liters) by means of a mag- 
netically operated glass propeller C. 

Samples of the gas were taken from 
time to time through the stopcock D 
with an evacuated 20 ml or 50 ml 
burette, and the H.S present absorbed 
in 2 pct zinc acetate solution. The 
volume of the remaining hydrogen 
was measured, temperature and baro- 
metric pressure noted and the volume 
reduced to standard conditions. 

The hydrogen sulphide was deter- 
mined iodimetrically. Either micro- 


burettes or 50 ml burettes were used. 
In the case of the microburettes, the 
samples were made up to 100 ml with 
2 pet zinc acetate solution. An aliquot 
was acidified with 1.0 ml of glacial 
acetic acid, titrated with an excess 
of 0.002 N iodine and back-titrated 
with 0.002 N thiosulphate. The 50 ml 
burettes were used when the hydrogen 
sulphide content of the sample had 
to be determined as a whole in one 
analysis. The procedure was the same 
with the exception of making up to the 
volume. In either case, the 0.002 N 
solutions were prepared daily from 
stock solutions of 0.1N iodine and 
0.1 N sodium thiosulphate, and the 
sodium thiosulphate was standardized 
with the 0.002 N iodine. The range of 
hydrogen sulphide content in samples 
was from 0.015 mg per 100 ml to 1.255 
mg per 100 ml. The mean precision 
was +3 pet. 

The equilibrium was approached 
from both sides (excess of H». and 
excess of H.S). The excess of H.S was 
obtained in the following way. The 
equilibrium ratio H,S/H»2 increases 
with temperature; therefore, to raise 
the concentration of H.S the sulphide 
was heated in H»2 up to a temperature 
higher by a hundred or more degrees 
than the temperature of the intended 
measurement and, after the equi- 
librium had been reached, the tempera- 
ture was lowered as quickly as possible 
to the intended level. 

Fig 2 gives an example of approach- 
ing the equilibrium at 900°C from 
both sides. 

The equilibrium with FeS and Cu.S 
was usually reached in less than 24 hr. 
With MnS, however, four to six days 
were required to obtain equilibrium 
and, contrary to the behavior of the 
other two sulphides, high temperature 
did not reduce the time needed for 
the equilibrium to be established. In 
some runs at temperatures over the 
melting point of Mn, the sulphide 
sample was examined after the reac- 
tion; its grains were covered with a 
compact layer of metallic manganese. 
This layer probably contributed to the 
difficulty of free diffusion of H, and 
HS and to the slowness of the reaction 
at high temperatures. 

The reliability of the results would 
be expected to depend greatly on the 
suppression of side reactions, especially 
between the gas mixture and the 
refractory furnace tube. This was 
checked by using different tubes 
(quartz, mullite, and alundum) at 
temperatures below 1200°C. No notice- 
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Time (Hours) 


FIG 2—Approach to equilibrium H.S/H, 
ratio for FeS at 900°C. 


able influence of the kind of refractory 
material used (or of the presence or 
absence of Apiezon) on the values of 
the equilibrium ratio H.S/H. was 
observed. Quartz tubes, however, crys- 
tallized and developed leaks. Even 
the high quality alundum tubes lost 
their impermeability to gases, espe- 
cially at temperatures above 1200°C, 
and many runs had to be discarded 
because of the diffusion of air into the 
reaction tube. It is known that the 
presence of H.S facilitates the reduc- 
tion of SiO,.° The silicaceous binding 
material of the alundum or the silica 
itself, in the case of quartz, is appar- 
ently attacked by this means. Mullite 
tubes, although they contain silica, 
withstood the severe conditions to a 
much better extent than either quartz 
or alundum, and were used for most 
of the runs. 


Experimental Runs 


Table 1 gives a comparison of the 
log H,S/H, equilibrium values for the 
reaction FeS + H. = Fe + H.S found 
by Jellinek and Zakowski, Britzke and 
Kapustinsky, and in the present inves- 
tigation. The column ‘‘Calc. Kelley” 
contains Kelley’s? data, computed from 
the thermodynamic properties and re- 
garded as quite reliable. It may be seen 
from Table I that our figures are much 
closer to those calculated by Kelley 
than are those of the other authors; the 
latter, in addition, are in considerable 
disagreement with one another. © 

Tables 2, 3 and 4 contain all experi- 
mental data for FeS, MnS, and Cu.,S, 
needed for the calculation of the equi- 
librium pressure of sulphur over the 
respective sulphides and of the free 
energy of formation of these sulphides. 


In Fig 3, the values of the logarithm 
of the equilibrium S, — pressure over 
the sulphides is plotted against 1/T. 
The points, though scattered a little, 
can be represented by straight lines, 
the slopes of which give the heats of 
formation of the respective sulphides 
if we regard this heat of formation (in 
the first approximation) as independent 
of the temperature: 


logio Ps, = aot Cano 

To avoid any arbitrariness (due to 
the scattering of the points) in drawing 
the lines, the most probable straight 
lines representing the respective sets 
of points have been calculated, assum- 
ing that the error in 1/T was much 
smaller than the error in log Pg,. 

For FeS the measurements were 
taken up to the melting point of the 
sulphide. Above this point the activity 
of the condensed components should 
be taken into account; this requires 
the knowledge of the actual compo- 
sition of the liquid phase at the 
temperature of the measurement. How- 
ever, as the study of the reaction with 
FeS was taken up mainly for the sake 
of comparison of our data with those of 
other investigators and for the sake 
of checking the precision which could 
be obtained, we did not attempt, 
for the present, to undertake these 
measurements. 

With MnS the case is different. 
There is no appreciable solubility of 


Table 1 . . . Comparison of the Log 
H2S/H> Equilibrium Values 


Log K 
T Log k Log K ee 
° Source Cale 
(°K) | (exper.) (our data) Kelley’ 
996 —2.10 ie —2.97 — 3,08 
1003 | —2.50 Th —2.93 —3,.05 
1073 —1.92 i —2.70 — 2585 
1170 cl 1) z —2.38 —2.61 
1183 —2.15 Ti —2:35 —2.58 
1267 —1,43 ed —2.11 —2.40 


* Britzke and Kapustinsky.‘ 
T Jellinek and Zakowski.2 ‘ 


MnS in liquid manganese and there- 
fore the activity of both MnS and Mn 
remains equal to unity above, as well 
as below, the melting point of man- 
ganese. The scattering of our points is 
too great to reveal, in a definite way, 
the effect of phase transitions on the 
slope of the log Ps, vs. 1/T line. There- 
fore all points (up to 1583°K) were 
used in the calculation of the most 
probable straight line representing 
them. 

The case of Cu. is, fortunately, 
simplified by the fact that, although 
we have two phases (Cu,S—rich, and 
Cu—rich phase) in the liquid state, 
the mutual solubilities of the com- 
ponents are not very different, and 
change with the temperature in a 
roughly similar way. Thus the lowering 
of the activity of Cu is approximately 
compensated by the lowering of the 
activity of Cu.S and consequently 
all the points within the whole range 
of temperatures in question lie on the 
same straight line. 


Log Psp 


FIG 3—Variation of log P;, with 1/7 for MnS, FeS, and Cu.S. 
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Table 2... Free Energy of Formation of FeS 


RE EE RR Ee a i 


e Ie = Fe H2S 2Fe + Se = 2FeS 
patty BY 2H: + Se 
= 2H2S 
a 1 104 
(°K) 7 Xx [E28] Tee ({H2S] 2 [HS]? Free Pnerey Gok 
He = Ets 08 ara pans Log Ps mation o e 
(H2] (H2] (H2)2[S2]* . (cal per mol S2). 
770 12.986 4.60 X 1075 —4,337 Wel (Pst —15.801 — 55,670 
873 11.455 2.98 K 104 —3.526 5.690 —12.742 — 50,890 
973 10.277 1.02 X 107% —2.992 4.582 —10.566 —A7,040 
1068 9.363 E97 XOss —2.706 EAL) — 9.132 — 44,620 
1073 9.320 2.08 X 1073 —2,682 3.675 — 9.039 — 44,370 
PWS 8.525 4.80 X 1073 —2.319 2.920 — 7.558 — 40,560 
1174 8.518 4.15 XK 10 —2.382 2.910 — 7.674 —41,220 
1273 7.855 9.20 X 1073 —2.036 2.285 — 6.357 — 37,030 
1275 7.843 C102) >< LORS —2.154 2270 — 6.578 — 38,370 
1275 7.843 hacpl oe Los —2.140 2.270 — 6.550 — 38,210 
(H2S)}?_ : 


* All values for lo + 
* (HaP{S2) 
of Sulfur and its ee el Compounds.” 


Diseussion of Results 


From Fig 3 we see that the inter- 
section of the Cu,S-line with the MnS- 
line occurs at 1350°C. At this tempera- 
ture both MnS and Cu.S show the 
same decomposition pressure of sulphur 
or—what amounts to the same—both 
Mn and Cu have the same affinity for 
sulphur (their free energies of forma- 
tion, AF° = —RTiIn 1/Pys,, are the 
same), provided the activities of the 
condensed phases are the same. Above 
1350°C the decomposition pressure of 
sulphur over MnS is greater, that is, 
the affinity of Mn for sulphur is smaller 
(ceteris paribus) than the affinity of 
copper for sulphur. 

The log Ps, vs. 1/T lines in Fig 3 
can be expressed by the following 
equations: 


for FeS 
eels S 
Korte — z + 7.540_ [3] 
for Cu.S 
itogePs— so ee + 3.721 [4] 
for MnS 
_ 21,350 oe 
Log Ps, = — —7— + 8.029 [5] 


Because these equations refer to 
the reaction between gaseous sulphur 
and the condensed metal, the heats 
of reaction between gaseous sulphur 
and metal (referred to 1 mol S,-gas) 
can be directly calculated from them. 
We then obtain: 

for FeS AH = —81,990 cal 
for CuesS AH = —65,700 cal 
for MnS AH = —97,860 cal 

Regarding, in first approximation, 
these heats as independent of tem- 
perature we can subtract the heat of 
evaporation of rhombic sulphur and 
calculate the heats of reaction between 
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are taken (interpolated) from Kelley’s ‘‘The Thermodynamic Properties 


the respective metal and rhombic 
sulphur, referred to 1 mol of the 
sulphide. Taking for the heat of sub- 
limation of rhombic sulphur 31,360 
cal (from Kelley’s paper quoted above) 
we obtain the following values: 


for FeS AH = —25,060 cal 
for Cu,S AH = —17,170 cal 
for MnS AH = —33,160 cal 


The figures thus found for FeS and 
Cu.S are in reasonable agreement with 
the heats of formation experimentally 


measured which range from —18,000 
cal per mol to —24,000 cal per mol 
for FeS, and from —18,260 cal per 
mol to —18,970 cal per mol for Cu,S. 
The experimentally found heat of 
formation of MnS is much more 
uncertain, the values ranging from 
—4A4,390 cal per mol to —62,900 cal 
per mol. From the aqueous solubility 
data of MnS* a value of ca. —50,000 
cal per mol may be calculated. One 
single point measured for the equi- 
librium of the reaction MnS + H: = 
Mn + HS by Jellinek and Zakowski? 
allowed Kelley to calculate the AH 
of formation for MnS as ca. —35,000 
cal per mol. The latter value is the 
nearest to that obtained by us. On 
the other hand, the error in the experi- 
mentally determined heat would work 
in the direction of higher values be- 
cause even a slight oxidation would 
cause a relatively high heat effect. 
Therefore lower values seem to be 
more probable. On the whole, one has 
to remember that the thermodynam- 
ical data for the formation of MnS 
are still far from being settled.” 

In Fig 4 the free energies of disso- 
ciation of the sulphides per mol of S2 


Table 3... . Free Energy of Formation of Cu2S 


a 
2Cu2&S 2H. ! ay oP 
=p 2 ACuE ES 2H». + So 4Cu + S2 = 2CusS 
= 2H2S 
i fe 1 
(°K) |p X 104 ae y 
HOS HS HS ree Energy o 
in Lo if 7 Log HS oe j Log Ps, Formation of Cu2S 

3 2 a (cal per mol 82) 
972 10.288 6.93 XK 1074 —3.159 4.600 —10.918 — 48,500 
1069 9.354 9.55 X 10-4 —3.020 3.700 — 9.740 -— 47,600 
1071 ce ed 9.25 X 1074 —3.034 3.690 — 9.758 | —47,780 
1168 8.562 1.58 X 1073 —2.800 2.940 — 8.540 — 45,580 
1273 7.855 Ll .92-K 10-* —2.717 2.285 — 7.719 — 44,920 
Us73 7855 2.07 X 10°73 —2.684 2.285 — 7.653 — 44,420 
1317 7.593 2.76 X 10-3 —2.559 2.048 — 7.166 — 43,140 
1369 7.305 303 x 10-3 —2.519 1.780 — 6.818 — 42,660 
1393 tLz9 3.43 X 1073 —2.465 1.658 — 6.588 —41,940 
1418 7.052 3.90 XK 1073 —2.409 1530 — 6.353 — 41,180 
1421 1.030 3.62 < 107-3 —2.441 1,524 — 6.406 — 41,670 
1440 6.945 4.24 X 1073 —2.373 1.432 — 6.178 —- 40,660 
1469 6.807 4.18 X 1073 —2.379 1.290 — 6.048 — 40,600 
1477 On cL 4.53 X 1073 —2.344 1.260 — 5.948 —40,140 
1477 werare | 4.09 X 1073 —2.388 1.260 = 6.037 — 40,760 
1519 6.583 2.15 *% 1078 —2.288 1.070 — 5.646 — 39,220 


Table 4... Free Energy of Formation of MnS 


2MnS + 2H» 
= 2Mn + 2H.S | 2H2 + S2 : 2Mn + Se = 2MnS 
Se 2 
WE 1 
[HS] [H2S HS Free Energy of 
[Ho] Log ae Log nee < j Log Ps, Formation of MnS 
2)7(S2 (cal per mol S2) 
1267 7.893 5.68 & 10-4 —3.246 2,320 —8.812 —51,050 
1317 7.593 SLT Xx OF —3.088 2.048 —$. 225 — 49,520 
1361 7.348 L389. 1073 —2.923 1.820 —7.666 —A47,710 
1364 7.331 9.95 K 10-4 —3.002 1.803 —7.808 — 48,690 
1407 7.107 1.81 XK 1073 —2.742 1.590 =F 073 — 45,500 
1460 6.993 2.80 & 10-3 =—2.593 1.480 — 6.586 — 43,960 
1500 6.662 3.08 X 1073 =2,. 511 1.145 —6.167 — 42,300 
1539 6.498 3.17 XK 1078 —2.499 0.980 —5.978 — 42,060 
1547 6.464 3.06 X 1073 =—2.514 0.946 — 5.973 — 41,860 
1583 6.317 5.40 & 1073 —2.268 0.788 =—5, 324 — 38,530 


LSS 
Some runs were repeated at the same temperature and from the tables above the precision of the 


measurements may be figured out. 
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FIG 4—Variation of — RTIn Ps, with T for MnS, FeS, and Cu.S. 


(AF° = —RTInPsg,) have been plotted 
against T. The slope of the curves 


—dAF 
ag AS represents the entropy 


value, which is negative for the forma- 
tion of the sulphides. The scattering 
of the points is too great, however, to 
make its calculation worth while. At 
any rate, it is evident from these 
curves and from the fundamental 
relationship 


AF = AH — TAS 


that the entropy term AS for the 
decomposition reaction 2MnS = 2Mn 
+S. has a larger positive value than 
for the reaction 2Cu.S = 4Cu + Sy, 
and is responsible for the relatively 
lower value of the free energy of the 
first reaction at high temperatures. 
The results of the present investi- 
gation lead to the following practical 
conclusions concerning the connection 
between the amount of copper in the 
open-hearth furnace scrap and the 
sulphur content of the bath. Because 
of the relatively high affinity of copper 
for sulphur at high temperatures, 
metallic copper present in the scrap 
may be expected to pick up sulphur 
from the heating gases by binding it 


into Cu.S; thus the sulphur content 
of the bath would increase with the 
copper content of the scrap and conse- 
quently the desulphurization process 
would be hampered. 

The question remains whether the 
copper sulphide thus formed is pre- 
served as such in the bath and further- 
more, whether it still exists in the ingot 
after solidification. Though the authors 
are inclined—on the basis of other 
experiments—to believe that a com- 
paratively large percent of total sul- 
phur exists in finished steel as copper 
sulphide, they do not think that the 
present experimental results can be 
regarded as supporting directly this 
point of view. Until the equilibrium 
diagram Cu-Mn-Fe-S and the influence 
of other components on its shape have 
been investigated, no further con- 
clusions can be drawn save that the 
free energy relations of FeS, MnS and 
Cu.S in pure systems give a necessary 
(though not sufficient) support to the 
possibility of existence of large amounts 
of copper sulphide in finished steel. 


Summary 


The equilibrium constants of the 
reactions of FeS, MnS, and Cu,S with 
H, were measured within a range of 
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temperature wide enough to establish 
the dependence of these equilibrium 
constants on temperature. The equi- 
librium pressures of S. over the respec- 
tive sulphides and the free energy of 
formation of the sulphides were calcu- 
lated therefrom. 

The affinity of sulphur for copper 
(as measured by the free energy of 
formation of the sulphide) is con- 
siderably greater than that for iron 
and begins to exceed that for man- 
ganese at temperatures above 1350°C. 
It is concluded therefrom that metallic 
copper which is present in the scrap 
is to be expected to pick up sulphur 
from the open hearth furnace gases 
and thus raise the sulphur content of 
the bath. 
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Plastic Deformation Waves 
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Introduction 


OnE characteristic of plastic defor- 


mation which distinguishes it from 
elastic strain is the essential inhomo- 
geneity of plastic strains. Elastic 
strain varies continuously through a 
material, and average relative dis- 
placements of initially adjacent atoms 
are only small fractions of their initial 
spacing, (strains of the order of 0.01 or 
less). On the other hand, plastic flow 
corresponds to the appearance of 
discontinuities in strain of the lattice, 
such as dislocations or slip bands, 
where local strain, on an atomic scale, 
is several orders of magnitude higher. 
These discontinuities are visible on a 
microscopic scale as the familiar slip 
lines (Fig 1). In spite of this obvious 
microscopic inhomogeneity, however, 
macroscopic measurements almost in- 
variably show a smooth curve of stress 
vs. strain (Fig 2b) even if measure- 
ments of linear strains be made to an 
accuracy of one part in 10’. 

This macroscopic homogeneity of 
strain indicates that the discontinuities 
in strain on slip planes occur in incre- 
ments too small or too slow to be re- 
corded individually, and further that 
they occur sufficiently independent of 
one another so that the small incre- 
ments add at random to a smooth 
stress-strain curve. The present paper 
describes observations of plastic strain 
in aluminum of commercial purity and 
in high purity Al-Cu alloys, where there 
exists a strong coupling between slip in 
various regions of the specimen such 
that once initiated it spreads rapidly 
through a large volume. The total 
effect is that of relatively large, rapid, 
and regularly spaced steps of strain 
followed by periods of only elastic 
strain. Fig 2a illustrates the type of 
“stair-step’’ stress-strain curve which 
results. The properties of this coopera- 
tive slip phenomenon will be described 
further in the section on results; in par- 


32 


ticular it will be shown that each step 
corresponds to the propagation of a 
wave of plastic deformation through 
the specimen. Some interpretations of 
the mechanism by which it occurs will 
be made in the following section. 

Although the type of plastic wave 
phenomena to be described has not 
previously been reported, there are 
numerous cases of related effects in the 
plastic yielding of metals: 


YIELD POINT PHENOMENA 


The most familiar of such effects is 
the “‘yield point”? observed in low car- 
bon steels, brass, duraluminum, and 
the like. It consists in the sudden 
termination of the elastic portion of the 
stress-strain curve by a large plastic 
strain. Since the usual tensile machine 
is such that yielding of the specimen 
relieves the load, the resulting curve is 
as shown in Fig 3. As the strain con- 
tinues, deformation occurs at a lower 
stress for some time, then follows a 
rising curve, but with no further sudden 
yielding. This effect has been observed 
in brass by Sachs and Shoji! and later 
by many others. Edwards, Phillips and 
Jones? made extensive studies of the 
effect in steel, and of the role of various 
alloying’ elements. 

Although there seems to be fairly 
clear evidence that the yield point is 
caused by a hardening of the material 
by precipitation of impurities, no satis- 
factory explanation for the sudden 
yielding has been given. Winlock and 
Leiter? have shown that the stress 
level of the upper yield point depends 
strongly on the rate of loading, the 
yield point increasing by almost a fac- 


San Francisco Meeting, February, 
1949. 

TP 2499 E. Discussion of this paper 
(2 copies) may be sent to Transac- 
tions AIME before April 1, 1949. 
Manuscript received Sept. 7, 1948. 

* This research has been supported 
by ONR (Contract No. N-6ori-20-IV) 

t Research Associate in Physics, 
Institute for the Study of Metals, 
University of Chicago. 


1 References are at the end of the paper. 


tor of two as the strain rate goes from 
0.002 in. per in. per min. to 4.4 in. per 
in. per min. This effect would seem to 
imply an incubation period before 
yielding is initiated at a certain stress. 
On the other hand, by going to very 
slow loading rates, Edwards, Phillips 
and Jones? showed that the yield point 
does not become lower and eventually 
disappear as might be expected, but, on 
the contrary, begins to rise at loading 
rates below about 25 lb per in. per 
min. becoming much higher than at 
rapid loading rates. 


STRAIN AGING 


If, instead of continuing straining of 
a specimen after occurrence of a yield 
point, the load is removed and the 
specimen aged, resumption of the test 
results in occurrence of another yield 
point as shown by the dotted curve of 
Fig 3. The new yield stress is generally 
higher than the previous maximum 
applied stress. This hardening of the 
material by straining and subsequent 
aging is undoubtedly related to quench 
age-hardening resulting from the aging 
of a specimen quenched from high 
temperature. Since neither effect is 
observed in pure metals, it is generally 
accepted that quench-aging in all cases 
is the result of hardening by precipita- 
tion of a _ supersaturated alloying 
element, and that strain-aging is prob- 
ably a similar precipitation, accelerated 
by disruptions of the lattice by previous 
strain. Pfeil‘ has shown that strain- 
aging does not occur in iron from which 
all of the carbon has been removed, but 
that only a very small carbon content, 
around 0.003 pct, is necessary to cause 
strain-aging. In accord with this ob- 
servation is recent work by Dijkstra® 
in this laboratory showing that the 
solubility limit of carbon in iron is ex- 
tremely low, less than 0.001 pct at 
400°C. Edwards, Phillips and Jones? 
have shown that the strain-aging effect 
is also removed by the addition of small 
quantities of elements such as Mo, Mn, 
Ti, and the like, which readily form 
carbides. Their results demonstrate the 
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FIG 1—Slip lines in Al-0.5 pct Cu alloy after occurrence 
of several steps in stress strain curve. Surface electrolytically 
polished with 2:1 nitric acid methyl alcohol solution prior to 
straining. Reduced approx. one half in reproduction. 


close relation between the yield point 
phenomena and_strain-aging, since 
both of these effects are destroyed in 
the same way by addition of carbide 
forming elements. Their conclusion is 
that all of the carbon is bound in 
insoluble carbides and therefore not 
available for precipitation hardening. 
Kuroda® has suggested that the yield 
point is caused by concentration of the 
- carbon around the grain boundaries, 
forming a hard cementite sheath 
around each grain. When, at the yield 
point, this sheath breaks down, the 
stress during further yielding depends 
only on the ferrite interiors of the 
grains and is consequently lower (the 
lower yield point). It appears at 
present, however, that the yield point 
and strain-aging effects can be attrib- 
uted to precipitation of carbon, but 
that the detailed mechanism of the pre- 
cipitation hardening is still uncertain. 


SERRATED STRESS-STRAIN 
CURVES 


It has been observed that under some 
conditions the initial plastic portion of 
the stress-strain curve exhibits no yield 
point effect, but that after a small 


plastic strain, a series of sudden yields 
occurs in rapid succession, resulting in 
a curve as indicated in Fig 4. This type 
of behavior has been reported in mild 
steel from 80-250°C by A. Le Chate- 
lier,’ in mild steel at 250° by Korber 
and Pomp,’ and in duraluminum 
(Al-4.8 pet Cu) at room temperatures 
by Portevin and Le Chatelier.? More 
recently Sutoki!® reported similar ob- 
servations of serrated curves for steels 
up to 0.9 pct carbon at temperatures of 
150°C and higher, duralumin at 20- 
100°C, 70/30 brass at 450°, and nickel 
at 300°. In all of these cases, however, 
strain was either at a relatively rapid 
rate, so that the observations were 
complicated by inertial effects and 
oscillations of the testing machine, or 
in a machine such that sudden yielding 
necessarily. decreased the stress. 

It is to be noted that the serrated 
curves occur in the same materials 
which exhibit yield point and strain- 
aging effects, but that the temperature 
ranges for the phenomena may differ. 
In iron, for example, the serrations 
occur only in an elevated temperature 
range, around 200°, whereas the yield 
point occurs at least: as low as 20°. 
Edwards, Phillips, and Liu’ therefore 
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expected a yield point in duraluminum 
at subatmospheric temperatures, since 
serrations are exhibited at tempera- 
tures around 20°. Their tests showed 
no such yield point, although Sutoki’s!° 
results show one case of a yield point at 
room temperature in a quenched and 
tempered duralumin sample. 


LUDERS’ LINES 


Liiders'? reported in 1860 the ap- 
pearance of large scale markings on 
the surface of strained mild steel sheet. 
These markings were later studied sys- 
tematically by Hartmann" and are well 
known as “‘Liiders’ lines,” stretcher 
strains, or Hartmann or Piobert lines, 
but are still only incompletely under- 
stood. In cylindrical or strip tensile 
specimens the “‘lines’’ appear as broad 
bands extending completely across the 
specimen, at angles of around 50° to 
the axis of tension, and are visible 
because the greater plastic deformation 
within the band causes a depression or 
change in orientation of the surface. 
The direction of the bands is deter- 
mined by the geometry of the specimen 
and the applied stress, and a band may 
extend across a number of grains, inde- 
pendent of their orientation. 

In mild steel specimens, as the yield 
point is reached, Liders lines (or 
bands) appear on the surface and 
spread throughout the specimen as the 
yield point elongation takes place. As 
described by Fell,!* the spreading takes 
place at nearly constant stress, corre- 
sponding to the horizontal portion of 
Fig 3, following the yield point, and 
further strain within the band begins 
only after the surface markings have 
spread over the entire surface, at which 
time the stress-strain curve resumes an 
upward trend by strain hardening. The 
surface markings persist, however, 
presumably because of differences in 
the amount of yield point elongation in 
different bands. 

Similar effects have been observed in 
duraluminum by Hartmann? and more 
recently by Fell.1® Fell shows no 
photographs of markings in aluminum 
but describes them as a number of 
parallel bands (more regular than 
Liiders’ lines in steel) inclined at about 
60° to the specimen and tension axis 
and extending across the strip speci- 
men. A photograph of such bands in 
24 ST sheet is given by Stang, Green- 
span, and Newman’ (their Fig 1). Fell 
also observed that a number of suc- 
cessive yields occurred with increasing 
stress and in each case an inclined 
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FIG 2—Curves for 0.500-in. diam cylindrical specimens loaded continuously at constant 


rate of 120 psi per min. 


(A) Typical step curve for 2S-Aluminum—measured over 34 in. of gauge length. ; 
(B) Smooth curve for pure aluminum under same test conditions. Both removal of load and holding 
load constant cause slight yield point elongation. 


straight line on the surface propagated 
from one end of the specimen to the 
other at velocity around 20 cm per sec. 
Each such yield represented only 0.5— 
1 pct strain, whereas in steel the yield 
point elongation is of the order of 5 pct. 
Portevin and Le Chatelier® also re- 
ported that the serrated stress strain 
curves described above were charac- 
terized by the appearance of Liders, 
lines on the surface and that each 
oscillation of stress was accompanied 
by propagation of the markings along 
the specimen with an audible “‘little 
dry noise.” 


REPEATED YIELDING 


A number of cases of repeated yield- 
ing have been observed both at con- 
stant load and with increasing load. 

Becker and Orowan"’ found that zinc 
single crystals held at approximately 
constant stress in a Polanyi machine 
exhibited sharp steps of from 10-5 to 
10-3 strain at irregular intervals, and 
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that a temperature increase of 10-—20°C 
resulted in a great increase of fre- 
quency. Schmid and Valouch!® made 
similar observations. Measurements of 
creep rate at constant stress in high 
purity zinc by Tyndall and Wert’? 
showed alternate periods of very rapid 
and slow creep. Andrade?’ reported 
sudden yields at regular intervals in 
“approximately pure’’ copper under 
constant stress. 

Classen-Nekludowa?! applied in- 
creasing shear loads to specimens of 
NaCl, brass, and aluminum, and found 
that yielding occurred in very regularly 
spaced and sharp steps, resulting in a 
stair-step type stress strain curve. It 
was found, however, that these steps 
occurred only in an elevated and 
limited temperature range, 230-500°C. 
for NaCl, 410-550°C for brass, and 
450-550°C. for aluminum. Daviden- 
kow” later presented an interpre- 
tation of these results in terms of 
recrystallization. 

The relation of the above repeated 


yield phenomena, at nearly constant 
stress and at elevated temperatures, to 
the stair-step stress strain curves ob- 
served by the author is not readily 
apparent. An effect which is obviously 
closely related, however, is Fell’s'® 
observation of a number of successive 
yields of duraluminum strip specimens. 
The resultant stress strain curve is of 
stair-step form, similar to those ob- 
served by the author. It seems likely 
also that the serrated stress strain 
curves shown in Fig 4 would also be 
in the form of rectangular steps if the 
loading were accomplished by a ma- 
chine in which oscillations of stress are 
precluded. 

The effects briefly discussed above: 
yield point elongation, serrated stress- 
strain curves, Liiders’ lines, and 
stepped stress-strain curves (repeated 
yielding), have been arbitrarily divided 
in the discussion for purposes of clar- 
ity. It is desired, however, not to dif- 
ferentiate between them, but rather to 
point out that all appear to be manifes- 
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tations of the same effect, propagation 
of plastic deformation waves through 
the stressed medium. They have in 
common that: 

1. All involve propagation of plastic 
deformation 

2. The presence of certain impurity 
atoms in appropriate state of solution 
of precipitation is necessary 

3. The required impurity atoms are 
those which result in quench or strain 
age-hardening (C in Fe, Cu in Al, Be 
in Cu) 

4. Appropriate test conditions of 
temperature and loading rate must 
prevail, although these conditions may 
differ for the different effects. 

The most plausible general hypothesis 
seems to be that the effect of the im- 
purity atoms is to precipitate in such 
a manner as to harden the lattice 
against plastic deformation, and that 
such precipitation hardening facilitates 
propagation of the plastic waves. The 
present studies on the propagation of 
successive plastic waves in aluminum 
were made with the objective of further 
elucidating both the connection be- 
tween these related phenomena, and 
the detailed mechanism by which they 
occur. 


Apparatus and Procedure 


STRAIN MEASUREMENT 


The elongation of specimens was 
measured in all cases electrically by use 
of bonded resistance wire gauges simi- 
lar to the commercial SR-4 gauge. Be- 
cause of such factors as softness of 
specimens, diversity of gauge sizes and 
shapes, and necessity of rapid applica- 
tion, gauges were assembled directly 
on the specimen instead of gluing on 
commercial SR-4 gauges. The tech- 
nique used was to glue on a layer of lens 
tissue with thinned Duco cement and 
lay on the paper 6 or 8 strands of 0.001- 
in. diam hard drawn advance wire, of 
total resistance 100 ohms, held by 
several coats of the same cement. The 
ends were then soldered to heavier 
wires, also glued to the specimen. 
Gauges of this type usually lasted to 
- about 3 pct strain before the wire 
broke, and were sufficiently linear over 
this range. Calibration could be made 
by measuring specimen length before 
and after test. Because of softening of 
the Duco cement, however, these 
gauges were reliable only up to about 
60°C. For higher temperatures the 
wires were mounted with DC-804 sili- 
cone resin supplied by the Dow- 


STRESS 


Effect of 
\ strain ageing _ 


“AAs 


STRAIN 


SI RESS 


Serrated curve 


STRAIN 


4 


FIG 3—Illustration of yield point phenomena as found in mild steel. Dotted curve | 
shows effect of aging sample after initial strain. 
FIG 4—Illustration of serrated stress-strain curve as found in mild steel at 250° or in 
duralumin at 20°C. 


Corning Chemical Co. A thin coat of 
cement was baked on for % hr at 
200°C; the wires were then laid on and 
held by a special jig, covered by a 
second coat of resin and baked another 
1g hr. After removal of the jig a third 
coat was baked on. These gauges were 
found usable up to temperatures of 
170°C, although some relaxing of the 
resin sometimes occurred, but the use- 
ful strain range was only of the order 
1 to 1.5 pet. 

The gauge constituted one arm of a 
Wheatstone bridge, with a second arm 
consisting of a dummy gauge on an 
aluminum rod in good thermal con- 
tact with the specimen, for tempera- 
ture compensation. The other arms 
were dial resistance boxes. Current of 
the order of 25 ma from a storage 
battery was passed through each arm 
of the bridge. Instead of the usual null 
method of using a galvanometer as 
detector and repeatedly adjusting the 
resistors for balance, the resistors were 
left constant and the bridge unbalance 
recorded continuously on a Brown 
‘“‘Electronik”’ strip chart self-balancing 
potentiometer with full scale range of 
10 mv. Bridge current was usually 
adjusted so that full scale on the chart 
was about 1 pct strain, the smallest 
detectable strain being about 0.1 pct 
of the full scale, or 10-® strain, al- 
though this sensitivity could be in- 
creased about five fold if desired. The 
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chart (see Fig 5) then represented a 
direct continuous plot of strain vs. 
time, or, as long as loading rate was 
constant, strain vs. stress. A chart 
speed of 30 in. per hr was convenient 
for most tests, but for rapid strains was 
increased to 1200 in. per hr, or 0.33 in. 
per sec. 

For measurement of the time rela- 
tion of strains in different parts of the 
specimen, four or five gauges were 
mounted at intervals along its length, 
each in a separate bridge circuit, and 
recording each on a_ separate -po- 
tentiometer. For these measurements 
the recorder chart drives were speeded 
up to 0.33 in. per sec and the four 
charts were synchronized by periodic 
electrical pulses. 

Since the steps encountered and time 
intervals between them were in many 
cases too rapid to be followed by the 
recording potentiometer, some tests 
were also made with a 12-channel 
photographic recording oscillograph 
with multi-channel amplifier for re- 
cording simultaneously the response of 
several gauges. In this case the bridge 
current was 5000 cycle ac from an os- 
cillator contained in the amplifier unit, 
and response time was limited only by 
the natural frequency (1500 cycle) of 
the galvanometers. This equipment was 
kindly made available and operated by 
Mr. Petersen and Mr. Tahl of the 
General Motors Electromotive Div. 
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*129.9 ohms 


FIG 5—Typical chart record of strain vs. time curve for 2S aluminum at 25°C and continuous 
loading rate of 240 psi per min. Calibration represents 1 ohm change in one arm of bridge. 


Photographic records are shown in 
Fig. 12. 


LOADING APPARATUS | 


Instead of the standard type of 
“hard” tensile machine which increases 
strain at a constant rate, it was desired 
to have a constant rate of loading (ap- 
proximately constant stress rate, since 
strains were small) and to maintain the 
load during yielding. A simple lever 
system as shown in Fig 6 was therefore 
set up. The entire apparatus was on a 
shock mounted table set on a spring 
supported concrete block, and the load 
was communicated to the lever through 
a soft spring which served the dual 
purpose of cushioning against external 
vibration or oscillation of stress during 
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yielding and of measuring the load by 
its extension. Load could be read to 
0.1 mm on the spring scale, correspond- 
ing to 0.5 lb on the specimen. It was 
applied by draining water through a 
needle valve into a bucket hanging on 
the spring scale. 

The specimens were turned from 
34-in. diam rod to 44-in. diam, leaving 
a shoulder on each end, and were held 
in end blocks by a split collar arrange- 
ment on which the shoulders rested. 
Tension rods of 14-in. steel connected 
to the end block by a hardened ball and 
cone socket which allowed self-adjust- 
ment to axial stress. 

Temperature was controlled by cir- 
culating alcohol for low temperature, or 
prestone for high temperature, through 
3¢-in. copper tubing wound around and 


soldered directly to the end blocks, the 
liquid being driven by a small cen- 
trifugal pump and cooled by passing 
through coils immersed in liquid nitro- 
gen or a dry ice bath or heated simi- 
larly. Temperature differential between 
end blocks and specimen was always 
less than 2°C and much less except dur- 
ing rapid-cooling or heating. 

It is to be noted that the tensile 
testing procedure used differs from 
conventional engineering practices in 
several respects. 

1. Load is applied by a dead-weight 
(soft) type of mechanism rather than 
by the usual (hard) tensile machine in 
which elongation is at a constant rate. 
In such a soft machine stress can be 
increased at a uniform rate since it is 
unaffected by yielding of the specimen. 
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2. Thestrain-sensitive element meas- 
ures only a localized area of the speci- 
men rather than averaging over most 
of the length of the specimen. Also the 
sensitivity, 0.001 pct, is considerably 
higher than most mechanical strain 
gauges. 

3. A continuous recording of strain 
is obtained, as is essential for observing 
the type of small irregularities which 
were found in stress-strain curves. 


ALLOYS USED 


The 2S samples were ordinary com- 
mercial 34-in. rod. Pure aluminum 
copper alloys were made by melting 
in vacuum aluminum ingots of 99.996 
pet purity, donated by the Aluminum 
Co. of America, with additions of 
electrolytic copper shot. The alloys 
were cast in molds 1144 X 14% & 6 in. 
and cold rolled to 34 X 34-in. square 
bar, from which specimens were ma- 
chined. Before testing, each specimen 
was annealed for % hr at 500°C in 
air and cooled to room temperature 
in a stream of air. Grain diameter of 
the resulting structure was about 0.1 
mm. Chemical analyses of the samples 
used are given in Table I. 


Results 


GENERAL DESCRIPTION OF 
EFFECT 


The general plastic properties have 
been observed from records of strain 
by single gauges of 34-in. length on 
specimens of 28 and Al-Cu alloys. In 
an annealed specimen of 2S at 25°C 
loaded at constant rate: of the order 
of 200 psi per min. the initial portion 
of the stress-strain curve up to about 
0.3 pct plastic strain is smooth. Waves 
then become perceptible on the record 
of strain and rapidly become sharper 
until the curve of strain vs. time 
assumes a stair-step form with rapid 
steps of strain (around 0.05 pct) 
occurring in times of a few seconds 
and sometimes of 0.1 sec, followed by 
periods of several minutes during which 
only elastic extension occurs (see 
Fig 5). The steps are not random but 
occur at regular stress intervals of 
about 250 psi, and adjacent steps 
represent approximately equal amounts 
of strain. Actually the spacing and 
size do not remain constant but be- 
come progressively larger with increas- 
ing stress, being about proportional to 
the total stress. Also with increasing 
stress (or strain) the corners of the 


FIG 6—Tensile test machine—constant rate of loading by water flowed into bucket hanging 
on spring; temperature control by liquid circulating through coils. 


Table 1. . . Chemical Analyses of Samples 


Alloy 
Alloyi | 
pertcaaee 28 Al he C Al 04 C Al i (@; 3 
or -0.5 Cu -0.1 Cu -0.025 Cu Brass 
paeetaym Pet Pct Pet Pet 

Coppervere verre t ero cnc 0.14 OLS 0.1 0.025 69.11 
Iron Daun) 504-0, Bot arlene Ore eae 0.48 <0.01 <0.01 <0.005 <0.01 
Silicon oe tbe fk 2.6 ie 0.11 <0.01 <0.01 <0.005 
VASO Bais Ain (Oe ected See 30.80 
Lead..... Wo cae dasa eo ee 0.01-0.1 
CAS IB Te re nite aes <0.01 


steps (in 2S Al) become progressively 
less sharp (see Fig 10, 14). In Fig 7 
the height and length of steps is 
plotted against total stress. 

In view of the differences in tech- 
nique from conventional tensile testing 
procedure one test was conducted 
using an ordinary ‘hard’ tensile 
machine, which operates at approxi- 
mately constant strain rate, and which 
allows relief of stress when the speci- 
men yields. Results (Fig 8) verified 
that the same phenomena occur, 
although the sharpness of steps is much 
decreased. 


EFFECT OF STRUCTURE AND 
CHEMICAL COMPOSITION 


Tests under similar conditions, and 
also over a range of temperatures and 
strain rates, were also performed on 
99.996 pct pure aluminum, which was 
prepared by the Aluminum Co. of 
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America. Since the pure aluminum in 
all cases exhibited smooth curves 
rather than the anomalous curves of 
the type observed for 2S,. anomalies 
of 2S could be attributed to an effect 
of the impurity content of the 28S 
(Cu, Fe, and Si, principally). On that 
basis copper was chosen as a suitable 
alloying element. and alloys of the 
99.996 aluminum with 0.025, 0.1, and 
0.5 pet Cu were made up. The observed 
plastic properties were similar to those 
of 2S, except that: 1. Steps began 
at much smaller strains and the first 
ones are of much smaller size (see 
Fig 11). 2. Steps are much sharper in 
0.1 and 0.5 pet Cu alloys than in 28. 
In 0.025 pct alloys the steps are not 
sharp and appear only under some con- 
ditions of previous strain, loading rate, 
and others. 3. Temperature limits, as 
discussed below, are different. 

The fact that copper content of 
0.1 pct is much more effective than 
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FIG 7—Variation in size of steps with stress. Each 
curve applies to a single stress-strain curve and each 
point on curve corresponds to a single step. Horizontal 
axis is stress at which step occurred. 


0.025 pct suggests that the phenomena 
may depend on precipitation from 
supersaturated solid solution. Extra- 
polation of 200-400° data on the 
aluminum-copper phase-diagram indi- 
cates a solubility at 25°C somewhat 
higher than 0.1 pct, but the solubility 
limit at this low temperature is rather 
uncertain. At first it appears surprising 
that 2S aluminum has less sharp steps 
than a pure Al-Cu alloy with less Cu 
content (0.1 pct). It has been shown, 
however, by Fink, Smith, and Willey? 
that the presence of Fe in Al-Cu 
alloys greatly decreases their capacity 
to age-harden, probably by removal 
of the copper from solid solution. 
Since Fe is the principal impurity in 
2S aluminum, the effective Cu con- 
tent is thus probably considerably 
decreased. 

Grain size was found to have no 
profound effect on the qualitative 
features of the phenomenon although 
Fig 9 shows that the strength of the 
alloy is highly dependent on grain 
size. Note that the step size is greater 
in the smaller grained structure (where 
the stress is correspondingly higher) 
and that the smooth initial portion of 
the curve continues to greater strains 
the smaller the grain size. 
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PROPAGATION 


Since continuous plastic flow is 
observed only until the beginning of 
the step phenomenon but then ceases, 
it must be concluded either that the 
entire region under the gauge remains 


30 


TIME 
(minutes) 


20 


0.25 


elastic except for periodic localized 
slip, or that each step corresponds to a 
plastic deformation of the entire region, 
but leaves it in a hard, elastic condi- 
tion immediately afterward. Simulta- 
neous measurements of several gauges - 
on different parts of the specimen 
confirmed the truth of the latter 
supposition. 

A large number of tests was made 
with multiple gauges along the length 
of the specimen, to investigate the 
nature and velocity of the propaga- 
ting plastic deformation wave. The 
usual arrangement of gauges was four 
5g in. long gauges in a line parallel 
to the axis, with 1% in. spacing between 
their ends. Fig 10 shows a typical com- 
bined record of four gauges. Although 
the time differences are barely per- 
ceptible on the time scale of Fig 10, 
steps did not occur simultaneously in 
all gauges but in rapid succession, 
and in sequential order. For example, 
steps would be recorded at intervals 
of around 1 sec successively on gauges 
1, 2, 3, and 4, indicating that strain 
is initiated at one point and spreads 
throughout the entire specimen. Thus 
each step in the stress-strain curve 
may be considered as the propagation 
of a plastic deformation wave front 
along the specimen. It was to be 
expected that the point of initiation 
would sometimes lie between gauges 
and the wave front spread in both 
directions. It was actually observed 
that the order of appearance of steps 
was sometimes, for example, 2, 1, 3, 4, 
indicating initiation of strain between 


LOAD 


STRAIN 
(percent) 
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FIG 8—Curve for 2S-Aluminum specimen in standard “hard” tensile test machine. 
(A) Strain vs. time curve from chart of automatic recorder (B) strain vs. stress curve plotted 
by combining curve (A) with data read from load dial of machine. 
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gauges 1 and 2. As strain increased, 
the steps became more rounded and 
had no well defined beginning or end 
(see last steps in Fig 10). Under these 
conditions it was difficult to distinguish 
any time difference between strains at 
different points, and the records 
~ showed about the same strain at all 
four gauges at any instant. 

In other cases, however, particularly 
in Al-Cu alloys, deformation waves 
propagated only through a_ limited 
region of the specimen, then stopped. 
Strain in the adjoining regions also 
occurred by the periodic propagation 
of a wave, but at independent times. 
This behavior is illustrated in Fig 11. 
The sharp steps shown occurred at 
intervals of the order of two minutes, 
but in every case two or more gauges 
recorded steps either simultaneously 
or only a few seconds apart. In Fig. 11 
the small numbers beside the four 
curves indicate relative time in sec- 
onds between strain steps which 
occurred at approximately the same 
stress. It will be seen that there is a 
repeated sequential order of occurrence 
1-34... . 23-4... 134. .-. and so 
on. (See particularly Fig 11 at stresses 
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FIG 9—Curves for 2S specimens of different grain size. 
Size (1) Grain diam 0.1 mm 
(2) Grain diam 1mm 
(3) Grain diam 5 mm (much longer parallel to axis). 
Steps begin later but are larger for small grain size. 


2300-3300 psi.) This behavior indi- 
cates that each strain propagates 


through a limited region, that some 
gauges cover parts of separate regions, 


TIME 


(minutes) 


as designated by A, B, C, and D, 


and that the sequence of steps in these 


8000 
; STRESS 
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regions is A-C...B-D...A-C 


. . . B-D, and so on. 


It can also be seen that appearances 


a 
pees 


of deformation waves in regions A 


and C are always within a few seconds 


of each other, and likewise the times 


of waves in regions B and D are very 


close. The interaction between such 


separated regions evidently is not 


FIG 10—2S Aluminum specimen. Simultaneous records of four 
gauges arranged as shown along specimen. Sequential order of steps in 
gauges indicates plastic strain wave starts at one point and propagates 


through entire specimen. 
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STRAIN 
(percent) 


or 


by passage of a plastic wave, however, 
since no strain is registered by the 
intervening gauge. The nature of the 
boundaries of the regions is not known, 
but as seen from the later steps of 
Fig 11, and as indicated by the dotted 
brackets, these boundaries are not 
entirely fixed but shift with increasing 
strain. 


RATE OF PROPAGATION 


The propagation velocity of the 
deformation wave can be measured 


—r 


roughly from its time of arrival at 


successive gauges. It was found that: 
1. The velocity is relatively slow as 
compared to sound velocities for propa- 
gation of elastic waves, being of the 
order of a few cm. per second. 2. There 
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FIG 11—AI-0.5 pct Cu specimen. Simultaneous records of four gauges 14 in. long, 
5@ in. center to center along specimen. Small numbers beside each step give time in seconds 
relative to other gauges. Analysis of times of steps in various gauges indicates each step 
corresponds to deformation throughout one of the regions A, B, C, or D. 


is no unique velocity for aluminum or 
even for a particular composition of 
aluminum, such as 2S, the velocity 
depending strongly on the state of 
strain, and varying over a_ wide 
range during a single test. 

The wide variation in propagation 
rate is illustrated by Fig 12. In 12a, all 
five gauges, (1g in. long and 54, in. 
center to center) show steps in rapid 
succession at average intervals of 
about 0.01 sec, corresponding to 80 cm 
per sec velocity; but in 12d the time 
interval between gauges is of the order 
of 1 to 1.5 sec, or 0.5 cm per sec 
velocity. In general it was observed 
that the rate of propagation was very 
rapid for the sharp steps observed in 
pure Al-Cu alloys, all gauges showing 
steps within a 0.1 sec interval; the 
rate ‘associated with the less sharp 
steps characteristic of 2S Al was 
much less, with intervals up to several 
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seconds between gauges. Under some 
conditions, however, 2S also exhibited 
sharp steps, in which cases propagation 
was rapid. It thus appears qualitatively 
that the velocity of propagation in- 
creases with sharpness, to a maximum 
of at least 80 cm per sec. This inter- 
dependence of sharpness and propa- 
gation velocity is partly but not 
entirely explained by the consideration 
that a slower wave front takes longer 
to traverse the gauge and thus results 
in a less sharp step. Reference again 
to the last few steps of Fig 10 shows 
that the steps have degenerated to 
rounded waves, but, since the waves 
are almost in phase, the propagation 
time must be short compared to the 
duration of a single wave. A sharp but 
slowly propagating wave would pro- 
duce a record on which step 1 is com- 
pleted before 2 starts, and so on. 
Considering the plastic deformation 


of the specimen as a plastic wave pro- 
gressing through it, it is of particular 
interest to determine the shape of the 
wave front, that is: 

1. Does the wave front advance 
continuously, with a smooth transi- ~ 
tion from zero to maximum strain or 
in discrete steps by the sudden appear- 
ance of strained slabs such as the 
Liiders’ bands in mild steel indicate? 

2. Is the wave front a plane surface 
inclined to the axis and along the direc- 
tion of maximum shear stress? 

3. Is the advancing wave front 
sharp, and does all of the strain occur 
immediately as it passes, or persist 
for some distance and time behind? 

Some conclusions on point (3) may 
be drawn from interpretations of 
Fig 10-12. It will be noted that in the 
rapid steps of Fig 12 a, b, c, strain at 
each gauge continues for about 0.1 sec 
during which time the wave has propa- 
gated to all other gauges and thus a 
distance of several centimeters. Also 
the initial part of the step seems more 
rounded than accountable by time for 
the wave to traverse the 1,-in. gauge. 
Likewise in the slower steps of Fig 10 
and 12d strain continues at a given 
point long after the wave front has 
passed. In Fig 10 the length of the 
region undergoing strain and the time 
for which strain continues at a given 
point are both longer than for more 
rapid steps as in 12a, b, c. The results 
then lead to the concept of a con- 
tinuously moving but not necessarily 
sharp wave of the type indicated in 
Fig 13. 

Investigation of the plane shape, 
orientation, or continuity of motion 
of the wave front cannot readily be 
accomplished by multiple gauge tech- 
niques, first, because a large number of 
gauges of small area would be required 
and second, because lack of sharpness 
of the wave front makes precise time 
of arrival at a point difficult to deter- 
mine. For this reason a visual or 
photographic method seems much more 
appropriate. Preliminary observations 
on strip specimens, 0.50 X 0.065-in. 
cross-section, of 52 S-O aluminum 
(nominal composition 2.5 pct Mg, 
0.25 pet Cr) show plainly visible bands 
appearing and spreading along the 
surface. In this case a narrow straight 
band, inclined 45-50° to the axis, 
suddenly appears and rapidly spreads 
in both directions, the advancing 


-boundaries remaining quite straight 


and at the original orientation. The 
bands usually do not spread through 
the entire specimen. In 28 strip, 
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strain waves are accompanied by 
passage along the surface of a dis- 
turbance which is perceptible but not 
distinct enough to determine its shape, 
and in AI-0.5 pct Cu no surface 
markings are seen. These latter results 
are to be expected since the amount of 
strain per step is smaller than in 52S-O, 
where it is 0.5-1 pct. Even in 52 S-O 
many steps are recorded by the strain 
gauge before they increase in size 
enough to be visible on the surface. 

It thus can be considered probable 
that even in cylindrical specimens 
the wave front is a plane oriented 
approximately along the direction of 
maximum shearing stress. Further 
work is in progress on visual and photo- 
graphic observations by improved 
techniques. 


EFFECTS OF TEMPERATURE 


By use of a liquid circulating system 
as described above, temperatures could 
be controlled within 1°C in the range 


—60 to 170°C and could be altered 
within a few minutes without inter- 
ruption of the test. It was found that 
the anomalous stepped stress strain 
curve appears only within a certain 
temperature range, becoming smooth 
again above or below that range. 

For determination of the upper and 
lower temperature limits, a series of 
tests, each on a separate sample and 
at constant temperature, were made. 
The results for such a series on 2S 
aluminum are shown in Fig 14. It will 
be seen that as the temperature is 
decreased the step phenomenon begins 
at greater strains, until at about 
—20°C the entire curve is smooth 
except for occasional gentle ripples. 
On the other hand, increase of the 
temperature causes the steps to appear 
at small strains but to fade into a 
smooth curve, and at sufficiently high 
temperatures the entire curve is again 
smooth. Several tests were also con- 
ducted in which the temperature was 
alternately raised or lowered during 


Strain 


~ 


the course of the test, either while the 
load was constant, or without inter- 
ruption of loading. One of these is 
shown in Fig 14 and is in agreement 
with the temperature limits indicated 
by the other curves. Because of the 
systematic change in the steps with 
increasing strain, however, this method 
was not used for determining tem- 
perature limits. 

A similar series of tests on pure 
Al-0.1 pet Cu alloy gave a somewhat 
wider temperature range, but showed 
that the onset and termination of the 
steps is much more abrupt in this purer 
material. Instead of degenerating to 
rounded waves the steps give way 
abruptly to a smooth curve. Although 
the temperature ranges within which 
the steps occur are not well defined, 
they can be specified approximately: 


Temperature 
Limits 
Material 

Upper Lower 

°C °C 

2S: Aluminumaa. ates ee as +60 —10 
99.99 Al + 0.1 pet Cu....... 120 +10 
99.99 Al + 0.5 pet Cu....... 150 | +10 


EFFECT OF RATE OF STRESS 


Several tests have been conducted 
with 2S specimens, where, without 
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FIG 12—AlI-0.5 pct Cu specimen. Oscillograph records of 


strain at five gauge positions as shown in Fig 13. 
(A) Strains in rapid 1, 2, 3, 4, 5 sequence as plastic wave traverses 
specimen in about 0.05 sec. 
(B) Plastic wave apparently starts near gauge 2 and propagates 
both ways. Note that strain continues in gauge 2 after wave has 
advanced to gauge 4, and that wave stops abruptly before 


reaching gauge 5. 
(C) Plastic eave in region under gauge 1, then after 0.1 delay wave 


through region under 1, 2, 3. ; 
(D) slowly, ropasating wave takes about 1 sec to traverse distance 
between gauges. Note that rate of strain is correspondingly 


slow. 
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FIG 13—Probable distribution of strain in plastic wave. r 
As shown, slowly propagating wave has longer duration at a fixe 
point as a result of both low velocity and greater length. Bottom 
graph shows stress-strain curve which would result from repeated 
occurrence of such waves. 
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FIG 14—Stress strain curves at various temperatures in 2S Aluminum. : 
Temperature and loading rate, 120 psi per min, constant in each run, except first curve, where load was held constant for 6 min. during 


each temperature change. 


otherwise interrupting the test, the 
loading rate has been suddenly changed 
from slow to rapid rates and vice versa. 
One of the resulting stress strain curves 
is shown in Fig 15. It is seen that the 
size of the steps is affected somewhat, 
but that variation in loading rate by a 
factor of 50 causes relatively small 
changes, less than a factor of 2, in 
step size and spacing. It is to be 
expected that the effect of rate may 
well be much greater near the upper 
or lower temperature limits, but as 
yet, the effect of loading rate has been 
investigated systematically only at 
room temperature. 

In 0.025 pct Cu alloys it is found 
that steps in the curve appear only 
under certain conditions. In particular, 
the rate of loading must be sufficiently 
slow. This would indicate, in terms of 
the mechanism postulated in the 
following section, that with such low 
copper content, more rapid loading 
rates do not allow sustained steps 
because of insufficient time for pre- 
cipitation hardening between strains. 


EFFECT OF AGING AND HEAT 
TREATMENT 


Since the effects observed are shown 
to depend on the presence of an alloy- 
ing element in the aluminum and are 
probably the result of a supersaturated 
solid solution, appropriate aging or 
heat treatment might be expected to 
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affect the plastic properties by chang- 
ing distribution of the solute atoms in 
solution, or in precipitation aggre- 
gates. The stress-strain curves were 
found to be unaffected, however, by 
the difference between a water quench 
from the annealing temperature of 
500°C (which should result in maxi- 
mum supersaturation) and relatively 
slow cooling from 500°C, followed by 
20 hr annealing at 100°C (which 
should precipitate out the super- 
saturated solute atoms). Fig 16 shows 
the result of a test in which straining 
was interrupted at intervals for heat 
treatment. Effects of heat treatment 
were minor. 

It has been observed, however, 
that specimens of 2S aged around 100 
days at 25°C subsequent to annealing 
deform in sharper steps than those 
freshly quenched. 


STEP PHENOMENON IN BRASS 


Several other metals have been 
tested under conditions similar to 
the tests of aluminum. Cadmium and 
high purity copper exhibited only 
smooth curves, but annealed 70/30 
alpha brass had a stepped stress-strain 
curve similar to those described above, 
with regular steps of around 0.5 pct 
occurring at stress intervals of around 
150 psi. It was observed that the step 
phenomenon does not set in until 
strain of a few percent has occurred. 


If the specimen is given a somewhat 
smaller strain and aged one or two 
days at room temperature, however, 
steps begin immediately when plastic 
straining is resumed. Otherwise no 
systematic study of the effect in brass 
has been made. 


Diseussion and 
Interpretation 


Before attempting to make inter- 
pretations of the physical mechanism 
of the plastic effects observed, the 
qualitative general results may be 
summarized. These results apply to 
fully annealed cylindrical tensile speci- 
mens of 2S aluminum and of alumi- 
num-copper alloys with 0.1-0.5 pct 
copper, strained at a constant rate of 


loading. 


1. The elastic portion of the stress 
strain-curve is followed by a gradual 
and smooth plastic region up to 0.1 to 
0.3 pet, followed by a short transition 
region in which the curve changes to 
the form of square steps of regular 
height and width. Subsequent de- 
formation occurs almost entirely by 
steps, the size of which increase pro- 
portionally with the total stress. Some 
homogeneous creep may occur between 
steps, accelerating just before appear- 
ance of a step. 


2. The steps are found to be the 
result of the initiation of plastic strain 
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at some region in the specimen and its 
propagation as a wave of plastic de- 
formation along the length. 


3. The plastic waves move at veloc- 
ities up to a maximum of at least 
80 cm per sec, the velocity being 
greater for sharper steps. They do not 
necessarily traverse the entire sample 
but may be stopped by structural bar- 
riers of undetermined nature. Plastic 
flow at a given point continues after 
the wave front has passed several 
centimeters beyond. 


4, If aluminum free of impurities 
(99.996 pct pure) is used or if the 
temperature of test lies either above 
or below a certain range, —30 to 
+60°C for 2S, +10 to 120-150°C for 
Al-Cu alloys, deformation occurs not 
by the above step process but accord- 
ing to a smooth stress-strain curve. 


_5. Appearance of the steps is not 
greatly influenced by heat treatment 
of either strained or unstrained speci- 
mens, although prolonged aging of 
annealed 2S specimens results in 
somewhat sharper steps and aging 
of previously strained specimens de- 
creases the sharpness. 

On the basis of experimental results 
summarized above several postulates 
can be considered with regard to the 
physical mechanism by which plastic 
deformation occurs under these con- 
ditions. In this section they will be 
enumerated and the degree to which 
they provide an adequate interpre- 
tation of observed qualitative features 
of the phenomena discussed in each 
case: 


1. The presence of alloying elements 
in aluminum is necessary to harden 
the lattice against continuous plastic 
flow between steps. The most probable 
mechanism by which such hardening is 
effected is by precipitation of the 
solute atoms on slip planes. 


__a. This postulate is based on the 
observation that pure aluminum 
(99.996 pct) exhibits a smooth 
stress-strain curve under condi- 
tions where Al-Cu alloys have 
anomalous curves. 


b. Precipitation can occur in rela- 
tively short times even at room 
temperature as evidenced by the 
well known age-hardening effects 
of Al-Cu alloys. It should be men- 


tioned, however, that extrapola- 
tion of higher temperature diffu- 
sion rate data would give diffusion 
rate at room temperature much 
too low to allow precipitation. It 
appears therefore that such extra- 
polation is not valid. In the 
present case it must be assumed 
that precipitation is greatly accel- 
erated in the vicinity of slip 
bands where many lattice vacan- 
cies and imperfections exist. 


c. Preferential precipitation on slip 
bands has been shown metallo- 
graphically in Al-Cu alloys by 
Fink, Smith, and Willey.”* 


= 


If hardening is effected by pre- 
cipitation, the steps would be 
expected to disappear as the tem- 
perature is decreased into a range 
where precipitation rate becomes 
too slow. This is in accord with 
observations that the steps do 
gradually fade and disappear over 
a temperature range from 0 to 
—20°C. (See Fig 14.) 


2. Macroscopic steps in the stress- 
strain curve represent a cooperative 
effect between grains, by which relaxa- 
tion on slip bands in one grain initiates 
slip bands in adjacent grains. 


a. Thus plastic deformation occurs 
as a wave propagating from grain 
to grain. 
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b. Ona larger scale the wave spreads 
through large regions of the 
metal, as a front usually extend- 
ing entirely across the specimen, 
as observed both visually and 
by simultaneous recording of 
strain at several points on the 
tensile specimens. 


3. Initiation of new slip bands in 
adjacent grains depends on building 
up of stress concentrations at the edges 
of slip planes or, viewed on a larger 
scale, ahead of an advancing deforma- 
tion wave front. Consequently, under 
conditions where continuous relaxation 
is occurring (on previously formed slip 
bands or at the grain boundaries), 
the resultant relief of local stresses 
may prevent high concentrations, thus 
preventing propagation of a deforma- 
tion wave. 


a. Disappearance of stress-strain 
curve steps at higher tempera- 
tures (around 60°C for 2S alum- 
inum, 120-150°C for Al-Cu alloys 


of 0.1-0.5 pct Cu) may be 
explained as a result of the 
increased creep rate in that 


range, since creep at constant 
stress becomes appreciable in 
roughly the same temperature 
ranges. The upper temperature 
limit for appearance of steps has 
been found to depend not only on 
temperature but on the amount 
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FIG 15—Effect of variation of load rate in 2S Aluminum. 


Load applied continuously but with abrupt changes of rate as indicated. 
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FIG 16—Effect of aging at elevated temperature—2S Aluminum. 
(A) Entire tensile test conducted at 25°C but interrupted for 20 hr aging at 100°C. (B) All strain at 
25°C except as indicated near end of curve. 


and rate of previous plastic strain. 
That is, at higher temperatures, 
steps fade at smaller strains. (See 
Fig 14). 


. An alternate explanation of the 
high temperature disappearance 
of the step phenomenon would be 
that as solubility increases with 
temperature a point is reached 
where the solid solution is no 
longer supersaturated and there- 
fore does not precipitate. On 
this basis, however, one would 
expect widely different upper 
temperature limits for 0.1 pct 
Cu and 0.5 pct Cu and also an 
appreciable effect of heat treat- 
ment such as 20 hr aging at 
100°C. Since neither of these 
predictions is found true, — it 
seems unlikely that solubility 
determines the temperature range 
for steps. 


. In all cases where loading was 
stopped and stress held constant 
for several minutes, further load- 
ing produced a period of elastic 
strain followed by a sharp and 
unusually large step of plastic 
deformation. The same _ effect 
was observed under conditions 
where no steps would otherwise 
occur (that is, in 99.99 pct pure 
aluminum or in Al-Cu alloys or 
28 aluminum above or below the 
temperature range for step de- 
formation). In the latter cases, 
however, step deformation did not 
persist but rapidly faded. These 
observations may be explained by 
the fact that holding stress con- 
stant for several minutes allows 


cessation of transient creep and 
thus makes possible enough stress 
concentration for strain to be 
propagated from grain to grain 
as a deformation wave. 


d. It was frequently observed that, 
in a specimen being loaded at 
constant rate but at a tempera- 
ture high enough to give a 
smooth stress-strain curve, a sud- 
den decrease of temperature of 
only a few degrees produces a step 
in the curve. In this case also 
deformation soon reverts to a 
smooth stress-strain curve. As 
demonstrated by Carreker, Les- 
chen, and Lubahn?! recently, 
such a sudden drop in tempera- 
ture in a stressed material creep- 
ing at constant rate momentarily 
stops all creep, but creep resumes 
after a short incubation time. 
Thus immediately after a de- 
crease in temperature the rate 
of stress relief by creep is low 
enough to permit propagation of 
a plastic wave but resumption of 
creep prevents successive waves. 


4. Only a small amount of relaxation 
in a grain just at the advancing de- 
formation wave front is necessary to 
initiate plastic slip in adjacent grains 
ahead of it. 


a. Waves have been observed to 
propagate with velocity varying 
over rather wide limits but with 
maximum around 80 cm per sec. 
This relatively slow velocity (as 
compared with the sound veloc- 
ities for propagation of elastic 
waves) indicates that there is a 


slight delay in transmission of 
slip from grain to grain, and such 
a delay would be expected while 
relaxation on slip bands in one 
grain proceeds far enough to 
build up stress sufficient to initi- 
ate new bands in the adjacent 
grain (or to reactivate slip on 
old bands). 


. It would be expected that where 


continuous creep is occurring 
simultaneously with step defor- 
mation, a greater amount of 
relaxation would be necessary to 
initiate plastic strain in the next 
grain and consequently the rate 
of propagation would be slower. 
Comparison of different samples 
indicates that the less sharp the 
steps (that is, the more con- 
tinuous creep) the lower the 
propagation velocity. 


. It is found in Al-Cu alloys that 


deformation at one point of a 
specimen (or more accurately in a 
region under a 3-mm long gauge) 
continues after the wave front 
has travelled 5-10 cm beyond. 
The strain occurring as the wave 
front passes is only a small part 
of the total, and further strain 
at the point continues at a de- 
creasing rate. 


Although the above four postulates 
represent a fairly consistent outline of 
the mechanism of transmission of the 
plastic deformation waves, some ob- 
served properties which are not com- 
pletely explained by the postulates 
should be discussed. In general, their 
explanation requires more detailed 
knowledge of the mechanism, and of 
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the dynamics of slip bands. Some 
aspects of the latter subject are to be 
discussed by C. Zener in the October 
1948 ASM symposium on_ plastic 
deformation. 


1. The steps are not of random size 
but occur at uniformly increasing 
stress intervals, approximately pro- 
portional to the total stress, and result 
in uniformly increasing amounts of 
strain. Further, both beginning and 
termination of the steps are in many 
cases sharp. A complete theory of the 
phenomena must therefore include 
both an explanation for the uniformity 
of stress increments between steps and 
a mechanism by which the deformation 
in single grains, once started, is ter- 
minated sharply at a definite strain 
value. A balance between these two 
factors then determines average slope 
of the stress-strain curve. 


2. The exact mechanism by which 
the alloying elements effect hardening 
of the lattice to prevent plastic flow 
is not definitely known. Although it 
probably results from precipitation of 
aggregates of copper on the slip planes, 
it is difficult to picture a precipitation 
effect which occurs within the 0.1 
second duration of the strain in such 
a way that precipitation hardening 
terminates the strain at a fixed value. 
It seems more plausible that each step 
results in complete relaxation across 
some slip planes, further strain being 
prevented by constraints of surround- 
ing regions. Precipitation hardening on 
that plane then has time to occur before 
arrival of another deformation wave 
results in yielding elsewhere, again 
bringing stress across the same plane. 


Summary 


1. Plastic deformation of 2S alumi- 
num and Al-Cu alloys is found to pro- 
ceed according to a stair-step stress 
strain curve rather than at a con- 
tinuous strain rate. The same effect 
is observed in 70/30 alpha brass. _ 


2. The discontinuities are found to 
result from propagation of waves of 
plastic deformation along all or part 
of the specimen length; between occur- 
rence of such waves practically no 
plastic strain occurs. Under varying 
conditions waves may be either very 
sharp or extended and velocities range 


from a few millimeters to around 
100 cm per sec. Duration of the corre- 
sponding strain steps may vary from 
0.1 sec to around 1 min. 


3. The effect is found to depend on 
presence of an alloying element such 
as Cu or Mg in aluminum, and does not 
occur in 99.99 pct aluminum. 


4. Dependence of the phenomenon 
on such parameters as temperature, 
amount and rate of strain, and heat 
treatment or aging has been studied, 
with results as summarized in the 
section on discussion. Of particular 
significance is the fact that the effect 
does not occur except in a limited tem- 
perature range (—10 to 60°C for 2S). 


5. The type of deformation ob- 
served takes place by appearance of slip 
bands, but differs from the more usual 
type in that slip on individual bands 
is not independent; strain, once initi- 
ated, spreads to adjacent grains. 


6. It is pointed out that yield point 
elongation, serrated stress-strain curves 
and Liders’ or Hartmann lines are 
examples of a similar propagation of 
plastic waves. Furthermore, all of 
these effects have in common that 
they appear to depend on precipitation 
hardening. 


7. The proposed mechanism for the 
observed phenomenon of repeated 
plastic waves may be summarized as 
follows: Motion on slip bands during 
strain results in lattice vacancies and 
imperfections which greatly accelerate 
general diffusion and precipitation of 
copper aggregates in the immediate vi- 
cinity. Consequent precipitation hard- 
ening stops all relaxation on the 
bands. When stress eventually in- 
creases enough to initiate further 


‘slip at some point, the hardened con- 


dition of the lattice causes high stress 
concentrations in the vicinity, which 
facilitate spread of the strain into 
adjacent grains. As successive grains 
break down under the stress concen- 
trations, a wave of strain spreads 
through the metal and is followed by 
further precipitation hardening, thus 
starting a new cycle. 
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On the Structure of 


Gold-silver-copper Alloys 
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JOHN G. McMULLIN* and JOHN T. NORTON* 


Introduction 


THE ternary system of gold-silver- 
copper is characterized by a _ solid 
solubility gap and a two phase region 
in which copper-poor and silver-poor 
phases coexist. At about 30 pct gold, 
the two phases become mutually 
soluble at temperatures below the 
melting temperature. As the gold con- 
tent is increased, the solubility tem- 
perature of the alloys decreases until 
at about 80 pct gold, the two phases are 
soluble down to the lowest temperature 
at which the alloys will recrystallize. 

Although the general form of the two 
phase region is known, its boundaries 
do not seem to have been investigated 
extensively. In an X ray diffraction 
study, Masing and Kloiber! have out- 
lined the boundaries of this two phase 
field at 400 and 750°C. Using only 
microscopic techniques, Pickus and 
Pickus? determined a vertical section 
of the ternary diagram showing the 
14 kt alloys (58.3 pct gold). These two 
reports are not in complete agreement. 

It has been shown? that some of the 
ternary alloys are susceptible to age 
hardening and that the hardening is 
caused by the separation of a homo- 
geneous alloy into two phases at the 
aging temperature. While the gold- 
copper binary system is an outstanding 
example of super lattice formation, 
Hultgren* has shown that a few per 
cent of silver added to gold-copper 
destroys the tendency for ordering. 
Because of the age hardening possibili- 
ties of these alloys, it seemed advisable 
to investigate the boundaries of the 
two phase field more in detail using an 
X ray diffraction method, so as to 
permit a better understanding of the 
aging phenomena and enable predic- 
tions as to the behavior of other alloys 
to be made. This is especially true for 
the 18 kt alloys (75.0 pct Au) at the 
lower temperatures since they are 
known to exhibit age hardening. 
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Experimental Procedure 


Twelve ternary alloys were prepared 
having the compositions shown in 
Table 1 and graphically in Fig 1. The 
gold used was fine gold bars supplied 
by Handy and Harmon. The silver was 
a bar of high purity silver from the 
U. S. Bureau of Standards. The copper 
was a bar of vacuum-treated, high 
conductivity copper from the National 
Research Corporation. 


Table 1. . . Composition of Alloys 
Composition by Weight Lattice 
Per Cent Con- 
Solu- Pe 
tion ian 
of Solid 
Alloy Tem- Blas 
No. pera- tion 
Gold |Copper| Silver CG Ang- 
strom 
Units 
1 58.33 3.00 | 38.67 350 4.054 
2 58.33 5.00 | 36.67 475 4.037 
3 58.33 | 10.00 | 31.67 570 3.999 
4 58.33 | 20.83 | 20.84 640 3.918 
5 58.33 | 30.00 | 11.67 590 3.859 
6 58.33 | 36.67 5.00 390 3.810 
258.33) 38.67 3.00 350 3.807 
8 75.00 | 20.00 5.00 3.914 
9 75.00 | 12.50 | 12.50 380 3.966 
10 75.00 5.00 | 20.00 4.033 
11 65.00 | 17.50 | 17.50 550 3.938 
12 70.00 | 15.00 | 15.00 475 3.954 


The pure metals in the form of pow- 
der were weighed out in proper pro- 
portions and melted in graphite in a 
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high frequency induction vacuum fur- 
nace. They were heated to 1100°C and 
slowly cooled. The ingots were then 
removed from the crucible, inverted, 
returned to the crucible and remelted. 
This remelting procedure was intended 
to reduce segregation in the ingots. 
After remelting, the ingots were checked 
for weight loss. The weight loss in each 
ten gram ingot was held to less than 
25 mg. The remelted ingots were cold 
rolled and then given a homogenizing 
heat treatment of 16 hr at 760°C to 
remove any remaining segregation. 

Powder specimens were prepared by 
cutting the ingots with a fine file, one 
half the required amount of powder 
being taken from each end of the in- 
gots. When the X ray diffraction 
pattern showed any difference in lattice 
constant between the ends of the ingot, 
the ingot was remelted and given an 
additional homogenization treatment. 

All powder samples were sealed in 
evacuated pyrex tubes for heat treat- 
ment. Ordinary pyrex proved satisfac- 
tory for temperatures up to 650°C but 
above that temperature it was neces- 
sary to use a special high temperature 
pyrex glass. Annealing at temperatures 
below 500°C was done in a salt bath 
whereas for temperatures of 500°C and 
above an electric muffle furnace was 
used. In both furnaces the temperature 
control was +5°C. In all annealing 
treatments samples of cold worked 
powder were placed in a furnace which 
was already at temperature. In this 
manner the specimens recrystallized 
directly to the equilibrium structure 
for that temperature. Time at tem- 
perature was selected so as to allow 
complete recrystallization, but very 
little grain growth. Specimens were 
quenched from the annealing tempera- 
tures by breaking the pyrex tubes in 
cold water. 

X ray diffraction photograms were 
made of all the heat treated powders 
using copper radiation and a Phragmen 
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FIG 1—Compositions of the twelve alloys investigated. 
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FIG 2—Lattice constants of alloy No. 5 quenched from the annealing 
temperatures indicated. 
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FIG 3—Vertical section through the ternary diagram FIG 4—Vertical section through the ternary 

showing the 14 karat alloys (58.3 pct Au). diagram showing alloys containing equal amounts 


by weight of silver and copper. 
JANUARY 1949 METALS TRANSACTIONS 47 


SY 
v/ 


AG 
20 30 40 


50 
WEIGH? PERCENT COPPER 


He \ 
ENS WY 


8 90 


FIG 5—Isothermal sections defining the two-phased region in the gold-silver-copper ternary 
system. 


focusing X ray camera. All the struc- 
tures observed were face-centered cubic 
with no indication of ordering or 
tetragonality. The lattice constants of 
the phases were determined to +0.002 
A based on a copper K alpha one 
wavelength of 1.54050 A. In alloys 
where the pattern of the solute phase 
was weak this accuracy was not main- 
tained. Also alloy No. 9 did not re- 
crystallize completely when annealed 
below its solution temperature and its 
lattice constants were not accurately 
determined. Since each alloy was 
annealed at several temperatures above 
its solution temperature the lattice 
constants of the solid solutions listed on 
Table 1 are the average of several 
determinations and are probably ac- 
curate to +0.001 A. 


Determination of 
Phase Boundaries 


In order to determine the limits of 
the two phase field, the twelve alloys 
listed in Table 1 and plotted in Fig 1 
were employed. Cold worked powder 
specimens of each alloy were annealed 
at several temperatures and quenched 
to room temperature. The lattice con- 
stants of each specimen were deter- 
_ mined by X ray diffraction methods. 
For each alloy a plot was made of the 
lattice constant vs. annealing tempera- 
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ture. Fig 2 is typical of the twelve plots 
made in this manner. This plot shows 
the lattice constant of the gold-copper 
rich matrix phase as well as the larger 
lattice of the gold-silver rich solute 
phase. The diffraction pattern of the 
solute phase is very faint in some alloys, 
especially at temperatures just under 
the solution temperature. In alloys No. 
1 and 7 the solute phase is present in 
such a small amount that it gives no 
visible diffraction pattern. In all alloys 
the variation in the lattice constant of 
the solvent phase is so large that the 
solution temperature can easily be 
determined. In Fig 2 the lattice con- 
stant of the alloy is constant for all 
temperatures above the solution tem- 
perature and decreases as the gold- 
silver rich phase is precipitated at 
temperatures below the solution tem- 
perature. The exact solution tempera- 
ture is determined graphically by 
drawing a vertical line through the 


points above the solution temperature 


and the best smooth curve through the 
points below the solution temperature. 
The intersection of the vertical line and 
the curved line determines the solution 
temperature for the alloy in question. 
The solution temperatures of ten of 
the twelve alloys were determined in 
this manner. The solution tempera- 
tures of alloys No. 8 and 10 were below 


- the lowest temperature at which these 


alloys would recrystallize. 


Alloys No. 1, 2, 3, 4, 5, 6 and 7 all 
lie on one vertical section through 
the ternary system while alloys No. 9, 
12, 11 and 4 lie on another perpendicu- 
lar to it. These two sections are shown 
on Fig 3 and 4 where the solution 
temperatures of the alloys are plotted 
against their compositions. Using these 
two vertical sections and the silver- 
copper binary diagram, it was possible 
to sketch in the limits of the two phase 
region at several temperatures in the 
ternary system as shown in Fig 5. 


Results 


Fig 5 shows horizontal sections of 
the ternary diagram outlining the two 
phase field at five different tempera- 
tures. Each section is drawn from three 
points in the ternary field and two 
points taken from the binary copper- 
silver diagram. It is estimated that the 
error in the position of these bounda- 
ries is of the order of +2 pct in compo- 
sition. Fig 4 shows a vertical section for 
equal parts of copper and silver in the 
range from 50 to 100 pet of gold. 

The horizontal section at 400°C is in 
good agreement with the results ob- 
tained by Masing and Kloiber.! The 
vertical section corresponding to the 
14 kt alloys is only in fair accord with 
the results of Pickus and Pickus? but 
these investigators presented their 
results only as approximations. 

The horizontal section at 350°C ex- 
tends into the region of the 18 kt alloys 
and thus shows how these alloys are 
susceptible to age hardening by trans- 
formation from a single homogeneous 
phase into two separate phases of dif- 
ferent composition. 
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Stress and Strain States 
in Elliptical Bulges 
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Introduction 


A GREAT number of the investiga- 
tions on the plastic flow of metals have 
been concerned with the establishment 
of a “‘universal”’ stress-strain relation. 
In such a relation some stress function 
when plotted against a strain function 
should yield identical curves for the 
various stress states. 

In the first investigation of this type, 
Ludwik and Scheu! plotted the maxi- 
mum shearing stress as a function of 
the maximum principal strain. Later 
Ros and Eichinger? introduced two uni- 
versal stress-strain relations, the one re- 
lating the maximum shearing stress to 
the maximum shearing strain, and the 
other relating a stress invariant, sug- 
gested by von Mises and Haigh, to the 
corresponding strain invariant. (In 
more recent investigations the stress 
and strain invariants are frequently 
supplemented with some factor to 
render their meaning more lucid.) A 
further suggestion which has not at- 
tracted appreciable attention is that by 
Baranski* who used stress and strain 
deviators. ~ 

The most common means of experi- 
mentation to determine the relation 
between stress and strain consists in 
subjecting thin walled tubes to com- 
bined internal pressure and axial ten- 
sion.4*;#.*¢ This method allows the 
study of plastic flow under stresses 
which are variable in two directions. 
However, the plastic flow which can 
be obtained in this manner is com- 
paratively small, being limited by 
either tension failure or instability. 

For copper,** only the relation be- 
tween maximum shearing stress and 
maximum shearing strain yielded good 
agreement. On the other hand, tests on 
a steel and on an aluminum alloy” 
resulted in systematic deviations if any 
of the discussed universal stress-strain 
relations were used. It would seem, 
therefore, that the agreement men- 
tioned above for copper is only inci- 
dental and explained by its high rate of 


strain hardening compared to that of 
other metals. 

Much larger strains than experienced 
in the tube tests can be obtained by 
subjecting a thin membrane of a ductile 
metal, which is restrained at its periph- 
ery, to a uniform hydraulic pressure. 
The thin sheet forms a deep bulge 
before it fails. The stresses and strains 
in such a bulge increase with increasing 
distance from the edge of the clamping 
“die,” the maximum stresses and 
strains occurring at the pole (crown) 
of the bulge. While the stress and strain 
states are determined by the contour 
of the bulge, the absolute magnitude of 
the stresses and strains depends upon 
the hydraulic pressure. The bulge con- 
tour is in turn correlated with the 
geometry of the die opening. 

The deformation and fracture char- 
acteristics of circular bulges, that is, 
bulges formed with circular clamping 
dies, have been the subject of numerous 
experimental and analytical investi- 
gations.®*7 It has been shown that 
plastically deformed circular bulges 
develop large and comparatively uni- 
form strains before failure by instabil- 
ity ®-6¢.6¢ and closely assume a spherical 
shape.®¢ Also the distribution of strains 
across the contour of the bulge is 
dependent on the metal being investi- 
gated and is correlated with, but can- 
not be predicted from, the metal’s 
stress-strain characteristics. 
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On the other hand, oblong or ellipti- 
cal bulges, that is, bulges formed with 
elliptical clamping dies, are not as sus- 
ceptible to analytical analysis and 
have not been investigated to the 
extent that circular bulges have. The 
few available data*.7¢ indicate that 
stress states are obtained at the poles 
of the bulges, varying between plane 
strain and balanced biaxial tension, 
depending upon the geometry of the 
die opening. 

In this paper, the strain state and 
curvatures exhibited by three bulge 
shapes, a circular and two elliptical 
bulges, Fig 1, are analyzed experi- 
mentally using methods described in 
previous publications.*:° An attempt 
is made to derive the stress-strain 
relations for these bulges, which repre- 
sent strain states in which the ratio of 
the two positive principal strains 
varied between 1.0 and 0.35. In addi- 
tion, tension tests yielded data for a 
value of —0.5 for this strain ratio. 

Such an analysis should indicate the 
applicability of the various laws corre- 
lating stress with strain to the stress 
and strain states occurring in bulged 
shapes. 


Definitions and 
Nomenclature 


The definitions of the major stress 
and strain quantities used in this paper 
are as follows: 

Si, So, $3 = principal normal stresses 

$1 > So > S3 


t = shear stress 
e = conventional (unit) strain 
e=In(l+e) 
€1, €, €3 = principal natural strains 
y = shear strain 
The maximum shear stress: 
f s St —'"S3 
Mar, D) 


Frequently, the flow stress, s; — s3 
= 2tmar, rather than the maximum 
shear stress is used. 
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FIG 1—Typical shapes formed on hydraulic bulging of thin sheets. 


The largest principal natural strain, 
€maz, 18 the value of the principal strain 
having the largest absolute value. 

The maximum shear strain: 

SA Yaron = Yo" > €1-= €3 

The effective stress: 

i es V/(s1 — $2)? + (82 — 83)? 
Sys + (s3 ame $1)”. 


The octahedral shearing stress, fo: 


3 Se 

The effective strain: 
aS WEEVAC sin) 7 ot G2, Ga)" 

3 + €s;— €1)” 

The octahedral shearing strain, yo. 
= /2é 

The factors in the equations for the 
effective stress and effective strain 
serve to render 5 = s; and é€ = e¢, for 
uniaxial tension (s. = s; = 0 and e€, 
=e; = —e€,/2). 


Material and Procedure 


Cartridge brass (70 pct copper, 30 
pet zinc) sheet of 0.040 inch thickness 
was chosen for the experimental inves- 
tigation. The rolling and annealing 
schedule for the sheet was designed to 
produce isotropic material. To further 
insure uniformity, the sheet was 
annealed at 850°F for one-half hour and 
then air cooled. 
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In order to determine the degree of 
isotropy in the sheet, tension tests 
(specimens 34 in. in width with a 5-in. 
gauge length) were made parallel to, 
transverse to, and 45° to the rolling direc- 
tion. The three stress-strain curves were 
found to be identical, Fig 2. In Fig 3, 
the natural strains, €, and e3, from two 
series of tests are plotted as a function 
of €;. It is seen that the sheet conforms 
reasonably to isotropic conditions. 

Before bulging, the blanks were 
photogrided® with a 20 line-to-the-inch 
net, the grid being parallel and _ per- 
pendicular to the rolling direction of 
the sheet. 

In all, six bulge shapes were made by 
using appropriate clamping dies. There 
were two circular bulges, two ellipses* 
with a ratio of minor to major axis of 
0.60 and two ellipses* with this ratio 
0.32. (See Fig 1.) 

The equipment and procedure for 
testing bulges and measuring the 
pertinent quantities have been de- 
scribed in previous publications on 
circular bulges.**¢ Each bulge was 
loaded in steps and unloaded after each 
step. The pressure was recorded and 
the principal strains and the height 


* These contours were not exactly true ellipses 
but were bulged using clamping dies whose open- 
ings were constructed by using arcs of circles. 
See Ref. 6e for die geometry. 


of the bulge surface at various dis- 
tances from the pole determined. 

The strains were measured along the 
two lines of the photogrid, which were 
initially located parallel to the short 
and long axis of the die. Over a con- 
siderable area in the center of the 
bulge, the strain values represent, with 
sufficient accuracy, the two principal 
strains in the bulge surface along its 
intersections with planes containing the 
pole and the major and minor axis of 
the die, respectively. Examples of the 
distribution of these strains are given 
in Fig 4 and 5. These graphs illustrate 
that the elliptical bulges exhibited a 
rather narrow region in the vicinity of 
the pole in which the strains were 
nearly constant. As to be expected, the 
strains decreased rapidly with increas- 
ing distance from the pole in the direc- 
tion of the small axis, but only slowly 
in the direction of the large axis of the 
die. 

The strain values at the pole ob- 
tained from the trend curves in Fig 4 
and 5 are taken as the two principal 
strains, €, (perpendicular to major 
axis) and ¢, (perpendicular to the 
minor axis), for the respective load 
value. 

Fig 6 and 7 illustrate distributions of 
the strain state, defined by the ratio of 
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FIG 2—Stress-strain curve for annealed 70-30 
tension. 
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FIG 3—Natural strains «2 (width) and 
€; (thickness) as a function of «: (longi- 
tudinal) for tension tests on annealed 70-30 
brass sheet (0.040 in. thick). 
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FIG foe eater of strains (¢1 and €2) at various pressures for annealed 70-30 brass bulged to elliptical contour (ratio of 
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minor to major axis = 0.32). 
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FIG 5—Distribution of strains (e: and «2) at various pressures for 
annealed 70-30 brass bulged to an elliptical contour (ratio of minor 
to major axis = 0.60). 


the two principal strains in Fig 4 and 
5. According to these graphs, the strain 
state differed only slightly over the 
crown of the bulge surface while large 
variations were noted in areas in the 
vicinity of the clamped edge. 

The radii in the two principal direc- 
tions of a bulge were determined from 
the height for various chord lengths, 
as described in a previous publication. *¢ 
An example of the results of this pro- 
cedure, for a few selected load readings, 
is shown in Fig 8. The values of the 
radii extrapolated to zero chord length 
are considered to be the radii of curva- 
ture at the pole, R; and R; in the two 
principal directions. 

Since the bulge shapes were not - 
fractured (only the one bulge having a 
ratio of minor to major axis of 0.32 was 
taken to fracture) it was possible to 
section the bulges for tension tests. 
These tension specimens were cut from 
the center portion of the bulges along 
the minor axis so that the pole was in- 
cluded. The additional strain resulting 
from the tension test was measured by 
using a radial strain gauge. In all cases 
no appreciable load was carried by the 
specimen until the specimen phad 
straightened. 
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FIG 6—Distribution of strain state (ratio: ¢2/e:) in annealed 70-30 brass bulge (ratio of minor to major axis = 0 32) 


Derived from Fig 4. 


METALS TRANSACTIONS JANUARY 1949 


The experimental data yield the quan- 
tities p, h, Ri, and R». This leaves two 


x 
XX Sey PO 


x—x—x 
SS 


unknowns for which only one equation 
is available. The other equation must 


No 


be obtained from some established law 


Us 


fo} 


a 
| 


x MASOR AXSS 
° MNO AXIS 


PRESSOR 4 = L¢7O 
; Si, 


of plasticity. 
In this analysis the following as- 


PSS 


sumptions will be made concerning 
conditions at the pole of the bulges: 
1. Volume changes can be neglected 
during plastic flow, or: 
€1 + €2 + €3 = 0 [2] 


2. Stress states encountered during 


bulging are practically biaxial, or: 
$3 = 0 [3] 


SIRPAIN SIATE = GSE 


3. Edge effects are negligible as are 
any bending or flexural stresses. 


EFFECTIVE STRESS AND 


EFFECTIVE STRAIN 


A relation, which is widely accepted, 
states that the second stress invariant is 
a function only of the second strain’ in- 
variant and is independent of the stress 
state. Thus, for a given value of é, the 


value of § is given by the curve for 
balanced biaxial tension, in Fig 15. The 


definition of €, Eq 4, and the constant 
volume condition, Eq 2, 


FZ 
QDITANCE SROVA POLE ~ IWEOHES. a/ 9 


FIG 7—Distribution of strain state (€2/e1) in annealed 70-30 brass. 
Bulge (ratio of minor to major axis = 0.60). Derived from Fig 5. 


Results 


The bulging data are illustrated in 
Fig 9 to 12. The pressure, p, is plotted 
against each of the three principal 
strains €:, €2, and —e; in Fig 9 to 11, 
and the radii against the largest princi- 
pal strain, —e;, in Fig 12. 

The values of €2 and e; are replotted 
in Fig 13 as functions of —e;. This 
- graph reveals that during the forming 
of each bulge the strain state remains 
practically constant. 

For the further analysis, average 
values of the various quantities ob- 
tained from the trendline through the 
experimental points for the two parallel 
tests are used. In general, for identical 
conditions two tests yielded results in 
close agreement.* 


Analysis 


The equilibrium of a shell element, 
Fig 14, yields the following relation: 
Pp Si ae Se nis wee Rip ae Riso 
eee Fi ake : h R, 
[1] 
* In the case of the elliptical bulges having a 
ratio of minor to major axis of 0.32 some devi- 
ation in the values was noted. This probably was 
due. to the considerable slippage during one of 


the tests. However, this difference was found to 
be of little influence on the results of the analysis. 
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AGH = 67) oe, — €3)? + (€3 — €1)? 
[4] 
yield values of € for the various bulged 
shapes, corresponding values of €; and 
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FIG 8—Example of determination of radii of curvature at pole 
for elliptical bulge (ratio of minor to major axis = 0.60). 
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FIG 9—Hydraulic pressure as a function of the three principal 
natural strains at pole for circular bulging of annealed brass sheet. 


€2 being determined experimentally. 
For these data Fig 9 to 12 then give the 
pressure, p, and the radii of curvature, 
R, and R», and the value of § which is 
defined as follows: 
232 = (si i So)? + (So a $3)? 
Tse" S3) [91 

Simplifying Eq 5 for bulges, where 
83 + 0: 

8? = $;7 — $18. + s.? 


R 
Now by letting c,; = 3, c. = —E 


[5a] 


and 


R : 
C3 = R, and substituting Eq 1 in Eq 


5a, a quadratic equation for s» is 
obtained: 

Fe ae [ 2¢0¢3 + Co | 

2 H é3” + ¢; + 1 


Ce? — cy? 


Mae on 2 


from which: 
2003 +. Co | 
A Cs ot Ca + V 


So 


The corresponding value of s; may be 
obtained by substituting the value of 
Ss. in Eq 1. 
The above calculations were carried 
out for the two elliptical bulges. How- 
ever, the value of the ratio of s:/s, 
were found to be approximately 0.55 
in the case of the ellipse with a ratio of 
minor to major axis of 0.60 and 0.40 in 
the case of the ellipse with a ratio of 
0.32. These values of the ratio s/s; are 
not consistent with the experimentally. 
determined strain state. Apparently 
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as aE or a as 


the effective stress-effective strain 
relation is not sensitive to small 
changes in stress states. 


ST. VENANT’S RELATION 


An alternative method to determine 
the stresses present in elliptical bulges, 
from Kq 5, is to use as the second equa- 
tion some relation between the known 
strains €1, €:, €3 = €; —€: and the 
stresses s1, So, s3 ~ 0. Such a relation 
has been suggested by St. Venant. 
Previous investigations have shown 
that St. Venant’s relation can be used 
to determine accurately the strains 
resulting from a varying stress state, 
such as occurs in deep drawing.’ Be- 
cause of the consistent strain state, 
€o/é, = constant, found to exist in 


2¢2¢3 + C2 leek C2? — ¢? | 
2 


[6a] 


bulges according to Fig 13, St. Venant’s 
relation also applies to finite strains, 
rather than to strain rates, as follows*: 


* The validity of St. Venant’s relation has been 
investigated repeatedly.4.9,10 It can be derived 
from this data that in the range of strain states 
occurring in bulging, namely, «. > «> 0, the 
stress ratio s2/si may be actually as much as 5 pct 
larger than that given by St. Venant’s relation. 
However, a correction of this magnitude would 
change the stress, si, calculated from Eq 8 by 
not more than one to two percent. A correction 
of this magnitude does not affect the conclusions 
derived from the present investigation. 
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FIG 10—Hydraulic pressure as a function of the three principal 
natural strains at pole for elliptical bulging of annealed brass sheet. 
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yielding for bulging, s; = 0: 


a [8] 


Si C1) —e7 


For the two elliptical bulges investi- 
gated, where €2/e; = 0.60 and 0.36, 
respectively (Fig 13), this yields s2/s, 
= 0.85 and 0.70, respectively. Intro- 
ducing these values into Eq 1 then 
permits calculating s, for these two 
bulges from the known quantities 
represented in Fig 9 to 12, according to 
the following respective relations: 


— pS Hie 
sug (x + 0.85R,) a) 
and 
20D: (spelaloete 
aN (x +0.70R,) (9) 


The results of these calculations are 
shown in Fig 15, s; being plotted 
against the largest principal strain, 
—e3. In-Fig 16, s: = s; — s3 = 2tbmax 
and § are replotted as a function of the 
maximum shearing strain, Ymax = Y2 = 
€, — €3, and Fig 17 illustrates the rela- 
tion between s; and § and é for the 
bulges investigated. The corresponding 
curves for the circular bulges (and also 
for uniaxial tension) are added to Fig 
15 to 17. 

The final results of the bulging tests 
on brass, represented in Fig 15 to 17, 
agree closely to those of the tests on 
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FIG 11—Hydraulic pressure as a function of the three principal 
natural strains at pole for elliptical bulging of annealed brass sheet. 
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FIG 13—Principal strains (€: and «2) as a function of the maxi- 
mum principal strain (¢;) for the various bulges made in annealed 


70-30 brass. 
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FIG 12—Radii of curvature (R; and R») as a function of the maxi- 


mum strain at the pole for the three bulge shapes. 
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FIG 14—Stress, strain, and geometrical con- 
ditions in an elliptical bulge. 


55 


B/S = 


MAKIIF ESF STARASS (5, )~ L000 PS/ 


PORE FENS/ON — 
LPCOLAR GOLGCR 
KLLIPTVCAL LOOM GE 
(74770 OF AXES = 2.60) 
ALLIPTICAL GOLGE 
(PATIO OF AXES = 032) 


g aL oa? as oF aS aoe or 
MAKNSIV ESA NAT ORAL SIPPASI 


FIG 15—Maximum stress (s:) as a function of the maximum 
natural strain (—e3 at pole for bulges and «; for tension test) for 
annealed 70-30 brass tested under various stress states. 
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FIG 16—Maximum stress (s:) and effective stress (s) as a function of maximum shear strain (2) for bulge series and tension test on annealed 
70-30 brass (values for bulges at pole). 
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FIG 17—Maximum stress (s:) and effective stress (s) as a function of effective strain () for bulge series and tension test on annealed 


copper tubes. Of the various types of 
stress-strain curves, only the relation 
between the largest principal stress 
(or more generally between the maxi- 
mum shearing stress) and the maxi- 
mum shearing strain yields identical 
curves for the three bulges investigated, 
within the limits of experimental 
accuracy. As discussed in the introduc- 
tion, this agreement is not universal 
but appears to apply only to metals 
with a high rate of strain hardening. 
The simplest representation of the 
largest principal stress as a function of 
the (absolutely) largest principal strain 
yields, for stress states approaching 
plane strain, stress values as much. as 
10 percent higher than for balanced 
biaxial tension. On the contrary, the 
effective stress-effective strain (§ — é) 
relation yields for conditions near 
plane strain, lower values of the stress 
invariant than for balanced biaxial 
tension. 

Thus, none. of the universal stress- 
strain relations proposed to date applies 
accurately, in the range of biaxial 
tension. , 


70-30 brass (values for bulges at pole). 


UNIAXIAL AND BIAXIAL TENSION 


In order to establish any law of 
plasticity, some simple stress state 
must be selected as a basis. In the 
present investigation, two such stress 
states were investigated, uniaxial ten- 
sion, Ss. = s; = 0 and balanced biaxial 
tension, Ss, = si, s3 ~ 0* (present in 
circular bulging). 

While any of the recognized theories 
of plasticity requires identical stress- 
strain curves for these two stress states, 
the present tests yielded according to 
Fig. 15 to 17 considerably higher 
stresses for balanced biaxial tension 
than for uniaxial tension. 

As mentioned in the procedure the 
various bulges were sectioned and the 
strips tested in tension. The results of 
these tests are shown in Fig 18. The 
flow stress shown by these specimens 
closely approximated values expected 
if the metal had been prestrained in 
tension. It would seem, therefore, that 


*In these tests the pressure did not exceed 
1500 psi while s1 was then almost 100,000 psi. 
Therefore, s3 did not exceed one percent of s1. 
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some effect or effects other than aniso- 
tropy or stress state, must be operating 
to cause higher stress values in bulging. 
One of these effects might well be the 
nonuniformity of strain values over the 
bulge contour induced by the lateral 
restriction of the sheet. In other terms, 
non-homogeneity of strain in a struc- 
ture results in higher values for plastic 
flow than would be called for by the 
common laws of plasticity. If this ef- 
fect is sufficient to cause the noted 
difference between bulging and tension, 
it would be expected that the amount 
of this discrepancy would vary with the 
degree of nonuniformity of the strain. 

The main objective of the present 
tests was to compare the stress-strain 
relations for bulges of various shapes. 
Therefore, for the aforegoing analysis 
the’ stress-strain curve for balanced 
biaxial tension, where s; is given as a 
function of —e;, was used as a basis. 
Between the various investigated bulges 
the degree of lateral restriction should 
be approximately the same and since 
the metal can be considered identical, 
the observed differences in the stress- 
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FIG 18—Results of tension tests on pieces sectioned from the various 
bulges. (The maximum strain in bulging is —e3, while in tension e1 is used). 


strain curves must be a result of the 
applied laws of plasticity. 


Conelusions 


Summarizing the results of this in- 
vestigation, the following conclusions 
may be drawn regarding stress and 
strain states in elliptical bulging: 

1. Stress values in elliptical bulges 
may be analyzed by using St. Venant’s 
law of plasticity and the equation for 
equilibrium of a shell. 

2. Stress states varying between 
balanced biaxial tension and close 
to plane strain can be obtained by 
bulging thin sheet using the proper die 
geometry. 

3. None of the universal stress-strain 
relations proposed to date applies ac- 
curately in the range of biaxial tension. 

4. The discrepancy between bulging 
and tension values of the stress required 
for plastic flow may be due to the non- 
homogeneity of strain across the con- 
tour of the bulge. : 
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A Study of Textures and Earing 
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and Annealed Copper Strips 
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A CONSIDERABLE amount of work has 
been reported in the literature in re- 
gard to the texture and earing be- 
havior of copper strip. The rolling 
texture of copper has been confirmed 
as (110) [112] and (112) [111], which 
yields ears of a drawn cup at the posi- 
tion 45° from the rolling direction.!-3 
The recrystallization texture has been 
established as the cubic or (100) [001] 
texture, where the earing positions are 
at.0° and 90° to the rolling direction.4~® 
It has also been reported that in the 
development of cubically aligned grains 
of copper strips, the percentage of this 
cubic texture increased with an in- 
crease of final reduction and _ final 
annealing temperature.®:? A compre- 
hensive study on H.C. copper (British 
commercial copper of high-conductiv- 
ity quality = Cu 99.95 pct, O2 0.03 
pet, Ag 0.003 pct, Fe 0.005 pct and 
Pb < 0.001 pct) was made by Cook 
and Richards. They concluded that 
the recrystallization textures could be 
described as one or more of the follow- 
ing textures: (1) a single texture (100) 
[001], (2) a twin texture (110) [112] and 
(3) a random orientation, depending 
upon the previous history of the speci- 
men concerned. 

The effect of various alloying addi- 
tions in copper was reported by Dahl 
and Pawlek.!° They found that certain 
alloying additions, such as 5 pct Zn, 
1 pet Sn, 4 pet Al, 0.5 pet Be, 0.5 pet 
Cd, or 0.05 pet P suppressed the for- 
mation of cubic texture. Brick, Martin 
and Angier" reported that the cold 
rolled textures due to various additions 
fitted a rather simple pattern. How- 
ever, the recrystallization textures 
were subject to very considerable varia- 
tions. In the discussion of this paper, 
Baldwin stated that deoxidized copper 
containing 0.02 pet P gave a compli- 
cated recrystallization texture at lower 
temperature. When this copper was 
annealed at high temperature, a single 
texture appeared which was described 
as (110) [111] but, according to a pri- 


vate communication from Baldwin, 
this orientation reported was in error 
and should have been reported as 
(110)[112]. He also reported that the 
earing positions of drawn cups were at 
60° to the rolling direction.?2 

Recently, Howald, in his discussion 
on the paper by Hibbard and Yen, 
reported that the rolling texture of 
phosphorus deoxidized copper, con- 
taining from 0.006 to 0.020 pct phos- 
phorus, was of the pure copper type. 
When these coppers were annealed at 
lower temperatures, they exhibited a 
random orientation, and when they 
were annealed at higher temperatures 
they had a mixed (111)[{110] and 
(100)[001] texture, depending on the 
severity of the final reduction and 
annealing temperature. 

However, the specific influence of 
phosphorus and other impurities on the 
recrystallization textures and the deep 
drawing properties of copper strip has 
not been thoroughly reported. There- 
fore, an attempt has been made in the 
present work to determine the rolling 
and recrystallization textures and also 
the earing behavior of five types of 
commercial copper and thereby to 
evaluate the effect of phosphorus and 
some other significant impurities on the 
development of texture for cold reduc- 
tions of about 87 to 89 pct. 


Materials Used 


The five types of copper employed in 
the present investigation were two 
phosphorus deoxidized coppers of dif- 
ferent phosphorus content (0.007 and 
0.013 pct P), an oxygen-free copper 
(OFHC), an electrolytic tough-pitch 
copper, and a fire-refined tough-pitch 
copper. These materials were sub- 
jected to a thorough spectroscopic and 
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chemical analysis. The designations 
and the chemical compositions were as 
shown in Table 1. 

The coppers, FA1, FA2 and FA3, 
were hot-forged from 3-in. billets into 
a 144 X 6-in. plate and cold rolled to 
the ready-to-finish gauge indicated 
below. FA4 and FAS were hot rolled 
and scalped to ready-to-finish gauge. 
The grain size of all the materials in 
the ready-to-finish condition was about 
0.030 to 0.045 mm. Table 2 shows the 
last stage of the production schedule 
for each copper strip used. 


Experimental Procedure 


ANNEALING, GRAIN SIZE AND 
HARDNESS DETERMINATIONS 


Specimens of each type of copper 
were finally annealed in air for periods 
of one hour at temperatures ranging 
from 300 to 1600°F and were subse- 
quently cooled in air. The average 
grain diameter of the annealed speci- 
men was estimated by comparing with 
a standard grain size chart. Hardness 
was determined on the Rockwell 15 T 
scale. 


CUPPING TESTS 


Cups were made in a blanking and 
drawing set, in which blanks of 2-in. 
diam were drawn to a cup of 1.25-in. 
diam with an average depth of about 
0.75 in. The clearance between the 
punch and die was about 0.032 in. The 
ears of the cup were measured with a 
special fixture which read the height of 
ears to one-thousandth of an inch on 
every ten-degree interval along the 
circumference of the cup. 


POLE FIGURES 


The usual transmission diffraction 
method with unfiltered copper radia- 
tion was employed to determine the 
pole-figures of the specimens cold- 
rolled or annealed at 900°F. All the 
pole-figures were derived from the 
positions of intensity maxima on 111 
diffraction rings of the X ray photo- 
grams taken at 10° rotation of a 
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Table 1. . . The Designation and Chemical Compositions of Copper Strips Used 
abet eked Mae tec ae a Ae 
Chemical Composition (pct) 


Designation 
Cu Pb Fe Ni Sn Si Zn iP Or Misc. 
CANT RPE. ROMER RE ONT. eee 99.97 <0.0005 | 0.0015 | 0.001 0.0002 <0.001 <0.005 0.013 Not detected 
Fag Cee en onaed) eee a ote «eae area ot ss 99.97 <0.0005 | 0.0015 | 0.001 <0.0001 <0.001 <0.005 0.007 Not detected 
PAS: (Oxygeon-free), r.i96 son, « seer eeieiete en. | GOL OS <0.0005 | 0.001 0.001 <0.0001 <0.001 <0.005 <0.0003 | Not detected g 
INA4 (Electrolytic) a..cem ss oe ke et OO 0.0007 | 0.0015 | 0.001 0.0002 <0.001 <0.005 <0.0001 0.013 Te + Se 
RAS iredRetined) 55. cr cious eros nen eet 99.92 0.002 0.0017 | 0.022 0.002 <0.001 <0.005 <0.0001 0.025 0.029 


I 


Table 2... . The Production Sched- 
ule of Copper Strips Used 


Ready to Finish | Final Condition 
Speci- 
men 
Gauge Anneal Gauge Rodne, 
° a] 
(In.) (°F) (In.) (pet) 
FAL 0.291 900 0.032 89.0 
FA2 0.287 900 0.033 88.5 
FA3 0.269 900 0.033 88.6 
FA4 0.291 | As Hot-rolled | 0.033 88.7 
FAS 0.253 | As Hot-rolled | 0.032 87.0 


specimen about its rolling and trans- 
verse directions. For specimens an- 
nealed at the higher temperatures, 
a structure integrating camera con- 
structed by Wilson and Brick!4 was 
used. The camera was designed to cover 
a specimen area of about 1.5 X 3 cm. 
The specimens were etched with 50 pct 
HNO; to a thickness of about 0.004 in. 


GLANCING PHOTOGRAMS 


Photograms obtained with a glancing 
X ray beam were used to detect the 
presence of cubically aligned grains 
and to evaluate the change in re- 
crystallization textures. The X ray 
beam was directed at an angle @ to 
the rolling plane and in the transverse 
plane, where 6 is Bragg’s angle for the 
radiation used. By applying Bragg’s 
law, nX = 2d sin 6, the wavelength of 
Cu-K a radiation, \ is 1.537 A, the 
interplanar distance of the (100) plane 
of copper, d, is 3.608 A and for the 
second order of reflection, n = 2, the 
Bragg angle for 200 diffraction will be 
about 25°. 

Fig la and 6 shows the ideal orienta- 
tions superimposed upon the outline of 
(111) and (100) pole figure of cold- 
rolled copper.*:1> The shaded arc at the 
vertical position represents the portion 
of 111 and 200 Debye-Scherrer rings 
produced in the glancing photograms. It 
will be seen that both 111 and 200 rings 
pass nearly through the center of the 
projection. Therefore, any grains with 
(111) or (100) planes present in the 
rolling plane will reflect to the center 
of the arc of the 111 or 200 diffraction 
rings, respectively. In addition, these 
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111 and 200 rings also cross the first 
order intensity regions of the deforma- 
tion texture so that any grains in the 
deformation texture would most prob- 
ably be detected. 

The specimens were etched with 50 
pet HNO; to a thickness of about 0.015 
in., so that any defects or inhomogenei- 
ties on the surface could be eliminated. 
The specimen was then mounted on 
the goniometer with the rolling direc- 
tion normal to the X ray beam and the 
rolling plane inclined at an angle of 
25° to the beam. The optimum expo- 


FIG 1—Ideal orientations superimposed 
upon the outline of the (111) and (100) 
pole-figures of cold-rolled copper. 


The shaded arc at vertical position represents 
the portion of 111 and 200 Debye-Scherrer Rings 
produced in glancing photograms. Orientations 
indicated as follows: @ (110)[112], W (112)[111] 
+ (124)[533], gy (100)[001], > (110)[001]. 
a. (above). b. (below) 


sure time was found to be a total of 
10 min. with a potential difference of 
35 PKV and a current of 10 ma. Simi- 
lar photograms were also taken by 
using the structure integrating camera 
on the samples annealed at 1400 and 
1600°F, where the grain size was 
found to be too large for the setup used 
for the lower temperature specimens. 


Discussion of Results 


Fig 2 shows the Rockwell hardness 
and the average grain size of the five 
types of copper strips as annealed one 
hour at various final annealing tem- 
peratures. The presence of phosphorus 
appears to contribute to the grain 
growth at higher temperatures. The 
higher softening temperature of speci- 
men FA1, which contained 0.013 pct P, 
is also quite evident. These results are 
in good agreement with the work re- 
ported by Webster, Christie and Pratt 
on drawn wires.'® For the fire-refined 
copper, FA5, grain growth was sup- 
pressed to some extent and a slight 
effect on the softening temperature 
was noticed. 

The results of the cupping tests and 
the glancing photograms of each 
specimen as cold-rolled or annealed at 
various temperatures are shown in Fig 
3 and 4. Specimen FAI showed no 
change of earing position at lower 
temperatures, while at higher tempera- 
tures the ears shifted from 45° to an 
angle of 40° from the rolling direction. 
Specimens FA3, FA4 and FA5 showed 
a typical behavior of copper, in that 
the ears occurred at the 0°-90° position 
and the earing height increased with 
the increase in annealing temperature. 
The earing position of specimen FA2 
was somewhat complicated. It ap- 
peared that there were two transition 
zones, at 450° and 1400°F, where the 
earing position changed from 45° to 
0—-90° and returned to the 45° position 
when annealed at 1600°F. Referring to 
the glancing photogram, Fig 4, some 
correlation between the earing position 
and the grain orientation is noticeable. 
In the series of glancing photograms of 
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FAI, the grain exhibited a rather 
random pattern at 600°F, at which 
temperature the height of ears was a 
minimum. A small amount of cubically 
aligned grains was observed, however. 
As the preferredness gradually de- 
veloped the cubically aligned grains 
diminished and a corresponding in- 
crease in the height of the ears was 
noticed. In specimens FA3, FA4 and 
FA5 the concentration of cubically 
aligned grains was found to be consider- 
able even at lower temperatures, while 
the degree of preferredness of cubic 


800 1000 


600 
FINAL ANNEALING TEMPERATURE (°F) 


FIG 2—The effect of final annealing temperatures on hardness and grain size of five different types of copper strips. 


texture increased with increasing an- 
nealing temperature. Similar results 
were also observed in specimen FA2, 
annealed at lower temperature. 
However, for specimens annealed at 
1400 and 1600°F some uncertainties 
were aroused due to the larger grain 
size with accompanying lack of defini- 
tion of these Debye-Scherrer rings. 
Thus, two series of photograms were 
taken by the integrating camera as 
shown in Fig 5. It was noted that, for 
specimen FA2 annealed at 1400°F, 
the pattern showed that the grains 
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1200 


1400 1600 


possessed certain definite preferred 
orientations in spite of the fact that 
practically no ears were observed in the 
drawn cups. This leads to the assump- 
tion that the effect of the presence of 
the cubic texture which yielded ears at 
0° and 90° and that of the other tex- 
tures yielding ears at 45° were just 
balanced, so that the resultant effect 
on ears was neutralized. This assump- 
tion was also proposed by Howald?’ in 
regard to 95-5 Cu-Zn alloy. He found 
that this alloy with 20 pct cubic 
texture and 80 pct of (113)[211] plus 
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SPECIMEN FAI SPECIMEN FA2 SPECIMEN FA3 SPECIMEN FA4 SPECIMEN FAS 
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FIG 3—Ear contour on cups drawn from five types of copper strips annealed one hour at the temperatures indicated. 
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FIG 4—Glancing photograms for five types of copper strips annealed one hour at the temperature indicated. Photograms reduced 
to one-half the original size. 
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FIG 5—Glancing photograms taken by structure integrating camera for 
specimens annealed one hour at 1400 and 1600°F. 


(115)[321] produced a cup of no ears. 
Furthermore, for the same specimen 
annealed at 1600°F, the decrease in the 
amount of cubic texture resulted in a 
change in the position of the ears to 
45° from the rolling direction. 

The pole figures of specimens in the 
cold-rolled condition were substantially 
the same as reported by previous in- 
vestigators.*:7:11 The major orientations 
can be described as (110)[112] + 
(112)[111]. Fig 6 a, b and ¢ shows the 
rolling texture of specimens FA1, FA3 
_and FA5. Greater spread of the dis- 
tribution of (111) planes on the pole- 
figure of specimen FA1 was noticeable. 

Pole figures of all specimens annealed 
at 900°F were made (Fig 7). No ap- 
preciable difference was found between 
specimens FA2, FA3, FA4 and FAS. 
The annealing textures were composed 
of a strong (001)[100] texture super- 
imposed on the retained rolling textures 
with a mixture of minor orientations 
(124)[533], (110)[112] and (112)[11]]. 
These orientations have been reported 
as the three important ones in cold- 
rolled copper.* In phosphorus deoxi- 
dized copper (0.013 pct P), FAI, a 
somewhat random recrystallization tex- 
ture was obtained which may be 
described as a texture composed of 
(112)[111], (110)[112] and (100)[001]. 

For specimens annealed at higher 


temperatures, the pole figures were de-- 


rived from photograms taken by the 
integrating camera. Fig 8a shows 
the texture of FAI annealed at 
1600°F which can best be described 
as (112)[111] + (110)[100]. However, 
no texture of the type (111)[110] or 
cubic orientation!® is noticeable. Re- 
ferring to the photograms of specimen 
FAI at 1400 and 1600°F in Fig 5, the 
absence of (100) or (111) pole in the 
rolling plane is quite evident. For 
specimen FA2, annealed at the same 
temperature, a mixture of textures 
(113) [211], (110)[112], and (100)[001], 
was found. The pole figure of specimen 
FA3 annealed at 1600°F was similar to 
that obtained at the lower temperature, 
except that the intensity of the residual 
deformation texture decreased to a 
certain extent. The annealing texture 
may be stated as a strong (001)[100] 
texture with a weak (124)[533] texture. 
For specimens FA4 and FA5, the 
secondary intensity of the deformation 
textures was further diminished, and a 
single texture of (001)[100] was ap- 
proached. The pole figures were prac- 
tically the same as reported by the 
previous investigators.’:1 

Several micrographs have been pre- 
pared along the rolling plane of speci- 
mens FA3, FA4 and FA5 (Fig 9). The 
specimens were polished and deeply 
etched with a potassium bichromate 
solution. The white matrix with two 
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FIG 6—(111) pole figures of cold rolled 
copper strips. 
a. FA1—Phosphorized (0.013 pct P) 89.0 pet 


“Red. b. FA3—OFHC 88.6 pct Red. c. FA5— 


fire-refined 87.0 pct Red. Ideal orientations indi- 
cated as follows: @ (110)[112], W (112)[111). 
a. (top) b. (center) c. (bottom). 


sets of twin bands at 45° to the rolling 
direction indicates the grains to be in 
cubical alignment. It can be seen that 
there is a certain amount of dark grains 
other than cubic ones still existing in 
specimen FA3, whereas for specimens 
FA4 and FAS, the cubic texture is 
practically 100 pct. 

The effect of phosphorus on the 
electrical conductivity and softening 
temperature of copper is well known. 
The work of Hanson, Archbutt and 
Ford!’ is typical. They found that the 
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FIG 7—(111) pole figures for cold-rolled copper strips annealed at 900°F for one hour. 
a. FAl—phosphorized (0.013 pct P), b. FA2—phosphorized (0.007 pet P), c. FA3—OFHC, d. FA4—electrolytic, 
e. FA5—fire-refined. Ideal orientations indicated as follows: gg (100)[001], @ (110)[112] W (112)[111], + (124)[533]. 


addition of phosphorus yielded a 
marked increase of softening tem- 
perature and a marked decrease of elec- 
trical conductivity. Recently, Smart 
and Smith,!® stated that phosphorus 
when present in copper may be either 
- in solid solution or in the oxidized 
condition. However, only the presence 
of phosphorus in solution has an 
important effect on the softening tem- 
perature and electrical conductivity. 
Thus, by comparing the conductivity 
measurement of specimens FAl1, FA2 
and FA3 with the results obtained by 
interpolating from the curves given 
by Smart and Smith,!° the following 
table is obtained. 
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Table 3. 


. . The Effect of Phos- 


phorus on Electrical Conductivity 


and Softening Temperature of 


Copper 
Eee : 
Phos- | ¢8! | Soften- 
phorus poe _ | “ing 
Content ity ss Temp 
pet pet Cc 
IACS 
Oxygen-free Alloys 0.013 93.0 305 
0.007 97.2 292 
0.0002) 102.3 182 
Oxygen-bearing 0.013 | 102.1 140 
Alloys 0.007 | 102.2 140 
0.0002} 102.3 140 
FA1 (Phosphorized) 0.013 94.6 295 
FA2 (Phosphorized) 0.007 | 101.4 170 
FA3 (OFHC) <0.0003} 101.3 200 


The electrical conductivity of speci- 
mens FA1, FA2 and FA3 was meas- 
ured on samples in a_ condition 
comparable to that used by Smart 
and Smith.!® However, the softening 
temperatures of the present specimens 
were determined from the hardness 
curves in Fig 2, where the greatest 
change of slope of these curves oc- 
curred. Therefore, the value listed in 
Table 3 could only be used for a 
qualitative comparison among each 
group. 

From Table 3, it may be stated 
that the largest part of the phosphorus 
in specimen F'A2 existed in the oxidized 
form, whereas that in specimen FA1 
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was most likely in solid solution with 
copper. The higher recrystallization 
temperature of FAl and the lower 
value of FA2 also bear out this fact. 
It has been pointed out that recrystal- 
lization textures are subject to con- 
siderable variation because of alloying 
elements in solution. Furthermore, 
elements which conferred the greatest 
solution and strain-hardening on cop- 
per have shown the most complicated 
annealing texture.!! It appears, there- 
fore, certain complications will be 
introduced, in that the amount of phos- 
phorus obtained by chemical analysis 
may not be used as a guide to specify 
the influence on the textures. The 
development of annealed texture for 
specimen FA] may therefore be con- 
sidered as following a different mecha- 
nism than that of specimen FA2 because 
of the different condition of phosphorus 
in each. In the case of H.C. copper, 
it was found that a well developed 
deformation texture—up to 80 to 
95 pct reduction—was required before 
recrystallization would produce the 
cubic texture. For reductions of 50 to 
80 pct, the texture existing in the 
annealed condition resembled that in 
the rolling condition.* Referring to the 
rolling texture of specimen FA1, the 
greater spread of the major in- 
tensity of (111) distribution can be 
best ascribed to the presence of the 
minor texture (110)[001], which was 
found to be one of the intermediate 
orientations in cold-rolled copper.*+?° 
Thus it may be suggested that the 
absence of cubic texture in specimen 
FAI, probably due to the strain- 
hardening effect of the phosphorus in 
solid-solution, is~ analogous to that 
of H.C. copper deformed below 80 pct 
reduction. The random orientation at 
lower temperature and the develop- 
ment of a mixed (112)[111] and 
(110)[001] texture at 1600°F may also 
be attributed to the interference of 
phosphorus with the recrystallization 
mechanism. 

The recrystallization texture of speci- 
men FA2 annealed at lower tempera- 
ture exhibited the same characteristics 
as specimens FA3, FA4 and FAS, 
that is, a strong cubic texture super- 
imposed on a mixed deformation tex- 
ture. However, when the annealing 
temperature was sufficiently high, 
above 1400°F, the cubic texture dimin- 
ished in intensity and there was a great 
increase in grain size. The develop- 
ment of the large grains has been 
_ reported by Dahl and Pawlek’ for 
electrolytic copper of 100 pct cubic 


texture annealed at high temperatures. 
They stated that the texture could 
be described as (120)(100]. The large 
grains have also been observed in 
annealed copper by Cook and Rich- 
ards" and Baldwin’ to possess a 
texture of (110)[112]. It was also found 
by Baldwin’ that the orientation of the 
huge grains growing out of a 100 pct 
cubic texture for lake and electrolytic 
copper can be best described as: (113) 
in the rolling plane and between [110], 


FIG 8—(111) Pole figures for cold- 
rolled copper strips annealed at 1600°F, 


for one hour. 
a. FA1—Phosphorized. (0.013 pct P), b. FA2— 


Phosphorized (0.007 pct P), c. FA3—OFHC. 
Ideal orientations indicated as follows: @ (110) 
[112], W (112)[111], X (110)[001], my (100)[001], 
A (113)[211), + (124)[533]. a (top) b (center) 
c (bottom) 
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[301] and [211] in the rolling direction. 
It might be suggested that the cubic 
orientation would be unfavorable under 
the process of grain growth, or in 
other words, it is less stable in large 
grains than other orientations de- 
scribed above. It appears, therefore, 
that the change of annealing texture 
as well as earing position in specimen 
FA2 at 1600°F could be considered to 
be a result of the absorption of grains 
of the cubic orientation during the 
grain growth leaving the other orienta- 
tions predominant. 


Summary 


1. The cold-rolled texture of differ- 
ent types of copper strip was found 
to be less sensitive to the presence of 
phosphorus or other impurities than 
the recrystallization one. The ideal 
orientations of rolling texture may be 
described as the usual type, (110)[112] 
+ (112){111], but greater spread of the 
first intensity of (111) poles in phos- 
phorized copper FAI, (0.013 pct P), 
may be considered as due to the pres- 
ence of the minor texture (110)(001]. 

2. The recrystallization textures of 
phosphorized copper containing 0.013 
pet P exhibited a rather random 
pattern for annealing at lower tem- 
perature, while at high temperature 
there was produced a texture of mixed 
orientations (112)[111] and (110)[001). 
There was no appreciable change of 
earing position throughout the whole 
range of anneal. 

3. The texture of phosphorized cop- 
per FA2 (0.007 pct P), oxygen-free 
high-conductivity copper FA3, electro- 
lytic copper FA4 and_ fire-refined 
copper FA5, annealed at 900°F was 
found to be a strong (001)[100] texture 
superimposed on the retained deforma- 
tion textures (124)[533], (110)[112] 
and (112){111]. These minor orienta- 
tions usually diminished in their 
intensities with an increase of final 
annealing temperature, while, in turn, 
a single cubic texture was approached 
in specimens of oxygen-free high- 
conductivity copper FA3, electrolytic 
copper FA4 and fire-refined copper 
FA5. For phosphorized copper con- 
taining 0.007 pet P, FA2, annealed at 
1600°F, a texture of a mixture of 
orientations (113)[211], (110)[112] and 
(100)[001] was found, while the earing 
position in drawn cups changed from 
a pure copper type at 0° and 90° to 
45° to the rolling direction. 

4. In studying the data of electrical 
conductivity and softening tempera- 
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FIG 9—Microstructures of three types of copper strips annealed one hour at 1600°F. 
a. FA3—OFHC, b. FA4—Electrolytic, c. FA5—fire-refined. Potassium Bichromate solution etch. X 75. a (left) b (center) ¢ (right) 


tures of two types of phosphorized 
copper, it was suggested that the pres- 
ence of phosphorus in coppers FA1 
(0.013 pet P) and FA2 (0.007 pct P) 
would be in different conditions. Most 
of the phosphorus in FAl may be 
considered as existing in solid solution 
with copper; thus the great influences 
on electrical conductivity, recrystal- 
lization temperature as well as textures 
and earing behavior would result. In 
specimen FA2, it appeared that most 
of the phosphorus probably existed 
in the oxidized form, which had less 
effect on the texture and earing be- 
havior. However, the change of 
texture and position of ears at high 
temperature may be rationalized as 
the same function of development of 
various textures in the huge grains 
where the cubically aligned grains 
may be less stable than the others. 

5. In regard to the earing behavior 
of these copper strips, it may be stated 
that the type and degree of preferred 
orientation are the most significant 
factors controlling the height and posi- 
tion of ears. An increase in grain size 
will usually have a tendency toward a 
preferred orientation, which in turn 
produces higher ears. The absence of 
ears in drawn cups may or may not 
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indicate the absence of preferred orien- 
tation, but may be due to the presence 
of orientations which counteract one 
another with respect to the earing 
behavior. 
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Use of Electrical Resistance 
Measurements to Determine the 
Solidus of the Lead-tin System 
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Tue solidus is usually the least 
satisfactorily determined portion of a 
phase diagram. Cooling curves, which 
succeed well with the liquidus, show 
the solidus inaccurately or not at all 
because of segregation which occurs 
during freezing. Heating curves of 
carefully homogenized alloys might be 
expected to indicate accurately the 
solidus, but they are seldom used. 

Dynamic methods involving heating 
or cooling are never completely satis- 
factory because of uncertainty as to 
whether equilibrium is attained. A 
static method in which the specimen 
may be allowed hours, days, or even 
weeks to attain equilibrium is to be 
preferred. In a static method a solid 
solution, for example, is first made 
thoroughly homogeneous, then heated 
to successively higher temperatures. 
After sufficient time at each tempera- 
ture to assure equilibrium, some 
property is measured which should 
alter strikingly when melting begins. 
Microscopic examination can be used 
to detect the beginning of melting, but 
the method is tedious since the speci- 
men must be quenched, sectioned, 
polished, and etched before each 
examination. 

Of all the physical properties which 
change on melting, electrical resistance 
is probably the most satisfactory to 
measure. The measurement may be 
made while the specimen is at tem- 
perature without damage to the speci- 
men. It may be repeated indefinitely 
to ascertain when equilibrium has 
been achieved. Measurements may be 
made on a single specimen over the 
whole range of temperature. Most 
metals approximately double their 
resistance on melting. Since an accu- 
racy of a few tenths of a percent is 
easy to achieve, the method is highly 
sensitive to the beginning of melting. 

In spite of these advantages, which 
have been perceived for a long time,'? 
a reasonable search of the literature 


has failed to reveal a single case in 
which the method has been satisfac- 
torily applied in practice to the deter- 
mination of solidus temperatures. The 
use of electrical resistance measure- 
ments appears to have been confined 
in practice to changes in the solid 
state. 

In the work described in the follow- 
ing pages we have applied the electrical 
resistance method to the solidus of the 
lead-tin system. We have found the 
method to be convenient, reproducible, 
and highly sensitive. We chose the 
lead-tin system because it leads to 
few technical difficulties. Further- 
more, a number of determinations of 
solidus have been made in this system 
by various methods and results could 
be checked against them. However, all 
published results are not in good agree- 
ment with one another, so this work 
should help in determining the solidus 
more precisely. 


The Lead-tin Diagram 


Because of its commercial impor- 
tance, there have been numerous in- 
vestigations of the lead-tin diagram. 
The results of the most recent work 
on the solidus are indicated in Fig 7, 
as well as the results of the present 
work. The works of Honda and Abe® 
and of Stockdale! agree fairly well with 
each other and with the present work. 
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Jeffery’s®’ data indicate the solidus to 
be about 50°C lower. 

Honda and Abe? used differential 
thermal analysis on both heating and 
cooling cycles. Stockdale‘ used the 
microscopic method and also differ- 
ential heating curves. Stockdale’s re- 
sults were about 4° higher than those 
of Honda and Abe at low tin contents 
and lower at higher tin contents. These 
results also agree with those of Rosen- 
hain and Tucker.® 

Jeffery®> used electrical resistance 
measurements of the alloy as it was 
being heated or cooled. Apparently he 
did not attain. equilibrium as _ his 
results are about 40°C lower than 
those of Stockdalet or Honda and 
Abe.’ 


MATERIALS AND METHODS 


The lead and tin used were of high 
purity. They were supplied by the 
American Smelting and Refining Co., 
who gave the following analyses: 

Lead: silver, 0.0016 oz per ton; 
copper, 0.0008 pct; cadmium, 0.0007 
pet; zinc, 0.0002 pct; arsenic, 0.0003 
pet; antimony, 0.0002 pct; bismuth, 


0.0005 pct; tin, 0.0001 pct; iron, 
0.0020 pct; lead (by difference), 
99.995 pct. 


Tin: antimony, 0.037 pct; arsenic, 
0.020 pct; bismuth, 0.004 pct; cad- 
mium, trace; copper, 0.025 pct; iron, 
0.004 pct; lead, 0.020 pct; nickel and 
cobalt, 0.005 pct; silver, 0.0005 pct; 
sulphur, 0.005 pct; tin (by difference), 
99.88 pct. 

One hundred grams of metal with 
the desired proportions of lead and 
tin was weighed out to the nearest 
one-tenth of a milligram. The mixture 
was placed in a silica crucible, covered 
with charcoal, and melted in a reducing 
atmosphere in a gas-fired furnace. The 
alloy was well stirred. Chemical analysis 
of two of the alloys checked closely 
with the weighed portions. The com- 
positions of the remainder of the 
alloys were taken directly from the 
weighings, without chemical analysis. 
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FIG 1—Pyrex U-tube and electrical con- 
nections to Kelvin double bridge. 
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FIG 2—Electrical resistance vs. temperature, 5 pct tin alloy. FIG 3—Electrical resistance vs. temperature, 10 pct tin alloy. 
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FIG 4—Electrical resistance vs. temperature, 15 pct tin alloy. 


The pyrex glass tubing shown in 
Fig 1 was heated in a Lindberg cyclone 
furnace and held at a temperature of 

400°C. A gas mixture consisting of 
98 pct nitrogen and 2 pct hydrogen 
was passed through it for about one- 
half hour. The well stirred molten 
alloy was then poured into the tubing 
and allowed to remain for about one- 
half hour while electrical connections 
were being inserted. 

The electric lead wires had_ been 
stripped of insulation, cleaned with 
nitric acid and finally washed with 

alcohol and dried. Stranded 14-ga 
copper wires were introduced into the 
outer arms of the tube, and stranded 
18-ga copper wire into the inner arms. 
Fine (30 ga) iron-constantan thermo- 
couple wires insulated with braided 
glass were introduced so that the hot 
junction was at point 1. The tube was 
then removed from the furnace and 
cooled rapidly in a stream of cool air 
in order to minimize segregation on 


freezing. Before measurements were 
taken, the alloy in the tube was given 
a homogenizing anneal of about two 
days at a temperature about 50°C 
below Stockdale’s value of the solidus. 

For the measurements of electrical 
resistance the tube was heated in a 
metal bath composed of lead, tin, and 
bismuth and having a melting point 
of about 170°C. The temperature of 
the bath was held constant to +1°C. 

Resistance measurements were made 
with a Leeds and Northrup Kelvin 
Double Bridge Ohmmeter. This bridge 
is more suitable than a Wheatstone 
bridge for low values of resistance, 
since the effect of contact resistance 
is very small. A diagram of electrical 
connections is shown in Fig 1. External 
leads are shown as dotted lines. The 
external electrical leads were approxi- 
mately 2 ft long. The leads to the con- 
nections C; and C, each consisted of 
two 14-ga stranded copper wires in 
parallel, those to P; and P» of two 
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18-ga stranded copper wires in parallel. 
The readings of resistance were esti- 
mated to be accurate to about 0.000005 
ohms, which is of the order of 0.2 pct. 

In making the measurements it was 
necessary to pass a current of about 
7 amp through the metal for a period 
of less than 15 sec. It can be shown 
that this is capable of raising the tem- 
perature of the alloy less than 2°C. 
Measurements with the thermocouple 
imbedded.in the alloy indicated the 
actual temperature rise during a 
measurement was less than 0.2°C. 

Temperature measurements of the 
alloy were made on a precision poten- 
tiometer using the very fine (30 ga) 
iron-constantan thermocouple men- 
tioned above. Readings are estimated 
to be accurate to about 0.5°C. 

During the homogenizing anneal, 
electrical resistance measurements were 
taken from time to time. It was usually 
observed that the values obtained 
changed slowly for about two days, 
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FIG 5—Electrical resistance vs. temperature, 19 pct tin alloy. 
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FIG 6—Electrical resistance vs. temperature, 24 pct tin alloy. 
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then settled to a constant value. This 
was taken to indicate that the alloy was 
homogeneous and the resistance was 
recorded. 

The temperature of the bath was 
then raised a few degrees and held 
there until the resistance readings 
again became constant. Usually five 
to six hours was allowed for this, 
although in many cases the alloy re- 
mained at temperature overnight. 
When the resistance did not change 
for one hour, it was assumed that 
equilibrium was attained. This process 
was continued through the solidus and 
liquidus of the alloy. Temperature 
intervals in critical regions amounted 
to only two or three degrees. _ 


Results and Conelusions 


The resistance vs. temperature curves 
obtained are shown in Fig 2-6. As 
can be seen, these curves are accu- 
rate straight lines for the alloy in the 
solid state. As the alloy begins to melt 
at the solidus, however, there is a 
sharp increase in slope of the curve. 
The experimental points follow the 
curves accurately, so that the solidus 


Tin, per cent 


FIG 7—Solidus and ‘liquidus of lead-tin system. 


is determined precisely in each case. 
There is a similar sharp change in 
slope at the liquidus. 

In the alloys containing 19 and 
24 pet tin (Fig 5 and 6), melting 
begins at 183°C with a small dis- 
continuity in the curve. This is due 
to the melting of a small amount of 
the eutectic. 

In the alloy containing 24 pct tin, 
there is also a small but sharp dis- 
continuity at 161°C. We attribute 
this to a change in the tin-rich phase, 
which is present in appreciable amount 
only in this alloy. Other observers’ 
have noted discontinuities in volume 
and electrical resistance in tin at this 
temperature although this result is 
disputed by some. Mason and Pel- 
lissier? report that the high tempera- 
ture X ray camera shows there is no 
change in phase of tin at elevated 
temperatures. To add to the con- 
fusion, observers have reported dis- 
continuities at a number of other 
temperatures. We are unable to ac- 
count for our result. 

The solidus and liquidus points 
determined in this investigation are 
plotted in Fig 7, along with the results 
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of other investigators. The liquidus 
determinations of all workers agree 
excellently. Except for the work of 
Jeffery,® the solidus points fall rather 
closely together. However, our results 
are somewhat higher than those of 
Honda and Abe® at all compositions, 
and higher than those of Stockdale! at 
low tin contents. The fact that residual 
segregation would cause results to be 
too low rather than too high indicates 
that our results are to be preferred. 

We believe this work has shown 
that electrical resistance measurement 
is a convenient method of determining 
the solidus (and the liquidus) curve 
with high precision. 


W. Rosenhain and P. A. Tucker: Phil. 
Trans. Royal Soc. 209, 89 (1908). 
C. W. Mason and G. E. Pellissier, Jr.: 

Trans. AIME 133, 280 (1939). 
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Controlled Grain Growth Applied to the Problem 
of Grain Boundary Energy Measurements 


THE measurement of interfacial 
tensions or grain boundary energies in 
metals is an important metallurgical 
problem, especially since it bears on 
growth and nucleation processes. Sta- 
tistical methods of measuring equi- 
librium grain boundary angles, which 
relate interfacial tensions, have been 
used by some investigators!:? but more 
direct methods would be preferred. 

A direct way, based on a simple 
extension of a successful method of 
growing single crystals of silicon ferrite 
to predetermined orientations in flat 
specimens,’ is to produce three-grain 
specimens in such a way that the 
equilibrium common grain boundary 
will be perpendicular to the surface 
of the specimen. The angles to be 
measured then appear as the grain 
boundary angles in the surface of the 
specimen. 

The method of producing a single 
crystal specimen with a predetermined 
orientation is basically the same as 
that employed by Yoshida and Fuji- 
wara‘ in their work on aluminum 
wires. The specimen, prior to any 
single crystal transformation, must 
have a matrix which will support the 
growth of a crystal of the desired 
orientation. Growth may occur through 
exaggerated grain growth or, if the 
matrix is strained a critical amount, 
by normal recrystallization. In either 
case the matrix must have stability 
at the temperature used to effect the 
transformation, this stability appear- 
ing as a long induction period for 
exaggerated grain growth or for the 
formation of recrystallization nuclei. 
Additional control is gained by using 
a high temperature gradient through 
which the specimen is moved at a 
suitable rate. To obtain the desired 
orientation, the specimen is fed a short 
way into the furnace producing one 
or more crystals in the hot end. After 
the specimen is removed from the 
furnace, the orientation of a crystal 
is determined, so that this crystal may 
be reoriented by properly deforming a 
narrow piece of the matrix between 
the end crystal and the rest of the 
specimen. This part of the specimen 
in the case of silicon ferrite is preferably 
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FIG 1—Photograph showing fine grained specimen with reoriented seed crystal in the form 
of small flag on end of the narrow twisted part of the specimen. Natural size. 


FIG 2—Photograph showing specimen composed of three grains 
each having a {110} plane in the plane of the specimen. Sample ready 


to be annealed. X 2. 


held at red heat during the reorienting 
process. Fig 1 shows a specimen which 
is ready to be transformed into a single 
crystal through growth of a reoriented 
“seed” crystal. 

When the method just described is 
applied to the production of a three- 
grain specimen two crystals are grown 
first side by side in one end, the speci- 
men is then reversed and the third 
grain grown from the opposite end. A 
suitable group of grains each of 
different orientation is one where all 
three grains have the same crystallo- 
graphic plane in the plane of the 
specimen. f 

Fig 2 shows a photograph of a three- 
grain group prepared as described. The 
notches are introduced in the open 


+ F. Lionetti and the writer are investigating 
a series of groups all crystals of which have a 
{110} plane in the plane of the specimen. Results 
of this investigation, when complete, will be 
published. 


Technical Note No. 9. Manuscript 
received September 27, 1948. 
* Research Physicist, General Elec- 


tric Co., Pittsfield, Mass. 
1 References are at the end of the 
paper. 


ends of the grain boundaries to anchor 
them during the final annealing oper- 
ations which ultimately should bring 
the grain boundaries to the lowest 
energy configuration. 

Two-grain groups with different 
crystallographic planes in the plane 
of the specimen can be _ similarly 
prepared and treated. If the two 
grains have different surface (gas to 
metal) energies per unit area, the 
equilibrium condition leads to a curved 
grain boundary. * 


* This feature of the problem was pointed out 
by J. C. Fisher. 
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From the inception of zinc retorting 
on a commercial scale in the United 
States in 1890,! the retort employed 
has undergone wide variations in its 
composition and manufacture, facili- 
tating in part equally remarkable 
improvements in furnace capacities. 
The early day hand made clay retort 
was charged with carbonates or sili- 
cates or with coarse dead roasted con- 
centrates mixed with a large proportion 
of charge fuel resulting in a relatively 
low zinc burden and fired 24 hr in 
direct coal fired furnaces. Its modern 
counterpart is fabricated in hydraulic 
presses from clay mixtures containing 
sizeable -amounts of either silicon 
carbide or silica flour, charged with 
sintered flotation concentrates to more 
than three times the early day zinc 
burden and fired 24 to 48 hr in gas 
fired furnaces. 

This paper does not attempt to 
describe in detail the early day clay 
retort practice as it is well outlined in 
treatises by Ingalls,? Lodin,* Liebig,* 
Hofman? and others. A brief review of 
clay retort practice is presented to- 
gether with a description of the major 
developments since 1912. 


Clay Retorts 


The Belgian type retort, both in the 
circular and elliptical forms, has been 
used almost exclusively. Typical di- 
mensions of press made clay retorts 


-around 1910 are shown in Table 1. 


Variations in these dimensions were 
used at different plants according to 
local conditions to a maximum inside 
diameter of 9 in. and inside length of 
54 in. However, the effective heat 
penetration in a 24 hr firing cycle and 
the tendency of the retort to bend 
limited the retort size. Use of the 
elliptical vessel was an attempt to 
present a stronger cross-section resist- 
ing the tendency to bend and to in- 
crease the burden without increasing 


- the depth of heat penetration. 
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Table 1... Typical Dimensions of 
Press Made Clay Retorts 
around 1910 


Circular, Elliptical, 
In. In. 
Inside diameter..:.... 8 7.5 X 10.5 
Inside length......... 50 50 
Wall thickness........ 1% 1% 
Butt thickness........ 24% 2% 


One exception to the 48-54 in. length 
was the 60 in. retort used as early as 
1905 at Palmerton by means of sup- 
porting the last 12 in. at the butt end 
with a specially designed furnace back- 
wall. This backwall construction with 
the 60 in. retort had been developed 
and used at Bethlehem by G. G. Con- 
vers and A. B. DeSaulles. An attempt 
was made at Blende, Colo. to use even 
larver retorts of the Rhenish type based 
on European practice and requiring 
much higher furnace temperatures. 
Satisfactory plastic clays capable of 
withstanding these temperatures were 
not available, and the plant never 
operated successfully. 


PREPARATION OF BATCH 


Composition of the clay retort by 
weight was 40 to 50 pct raw clay and 
the balance “ grog.’’ Generally speaking 
the mix consisted of 7 parts plastic 
clay to 9 parts grog by volume. Princi- 
pal source of the clay used was the 
Cheltenham vein—sometimes referred 
to as “St. Louis city clay.” A typical 
analysis was A!,0;-31.0 pet, Si02-50.0 
pet, Fe.03-2.5 pet, MgO-0.3 pet, CaO- 
1.5 pet and loss on ignition 14.0 pct. 


San Francisco Meeting, February 
1949. 

TP 2523 D. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before May 15, 1949. Manu- 


script received September 29, 1948. 


* Assistant Superintendent and 
Metallurgist, respectively, Blackwell 
Zinc Co., Blackwell, Okla. 

1 References are at the end of the 
paper. 


At the smelter the clay was weathered 
whenever possible and then crushed to 
0.08 in. or finer. Grog consisted of cal- 
cined adobies, cleaned retort scrap and 
cleaned refuse fire brick such as old 
furnace brick, blast furnace linings, and 
others. Saggers from ceramic plants 
and calcined flint clay were later used. 
The grog materials were ground to 0.12 
in. or finer. Occasionally coke dust up 
to 10 pct of the mix was substituted for 
a part of the grog following European 
practice.? 

Particle size of the grog has a major 
influence on the retort properties—the 
larger. the grain, the better can the 
retort withstand thermal shocks, resist 
bending at. furnace temperatures and 
resist corrosion from slag; the smaller 
the grain, the lower the loss of zinc 
vapor through the retort walls. Grog 
forms the skeleton of the retort, and the 
clay shrinks around its grains to act 
as a binder. In the drying process, the 
erog has a stabilizing effect on the dry- 
ing rate, decreasing shrinkage and 
giving up previously absorbed water to 
the surrounding clay to minimize the 
danger of cracking or checking.? 

Grog and clay were mixed through a 
horizontal pug mill with 10 to 20 pct 
water added, depending on whether 
the retort was to be formed by hand or 
mechanically, more water being re- 
quired for the hand process. The batch 
or “‘mud”’ extruded from the pug mill 
was cut in convenient lengths for 
handling, stacked in piles or in special - 
rooms, covered with wet burlap and 
allowed to ‘‘rot’’ or age from | to 8 
weeks to increase plasticity. 


HAND MOLDING 


If the retort was to be molded by 
hand, the mud was repugged after the 
rotting period and given to the molders. 
Their molds consisted of 3 sheet iron or 
wood cylinders, each one third the 
retort length and defining the outer 
shape of the retort. Beginning with the 
bottom section, mud was placed in the 
form and tamped with a rammer 
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shaped to correspond with the retort 
interior. This formed a cup from which 
the retort walls were built up by wind- 
ing a sort of rope of mud around the 
interior periphery of the mold. Each 
addition was tamped into place and 
the desired interior contour main- 
tained by smoothing with a semicircu- 
lar tool. Adjoining edges of the mud 
were roughened to secure a good bond. 
This process was continued, adding 
the remaining mold cylinders as re- 
quired, until the retort was completed. 
After standing 48 hr the mold was 
removed and the retort air dried 1 to 3 
weeks before being placed in the hot 
dry rooms.® 


AUGUR MACHINE 


Hand molding was superseded by 
use of the augur machine in forming 
retorts. The method of treating the 
mud between the rotting rooms and the 
machine varied at different plants. A 
few plants fed the mud directly to the 
machine; others repugged it first 
either in the mixing pug mill or in a 
larger more powerful mill extruding a 
12 to 14 in. mud cylinder. The augur 
machine consisted essentially of a 
circular hopper to receive the mud, a 
series of blades on a central shaft to 
force the mud downward and a reduced 
section die and core representing the 
cross-section of the retort. The machine 
was arranged to discharge the retort 
downward in the form of a pipe which 
was received on a counterbalanced 
table passing through a temporary 
wooden mold. When the proper length 
cylinder had issued from the machine, 
the augur was stopped and the cylinder 
cut off, leaving it encased in the wooden 
mold. A ball of mud was thrown into 
the cylinder and tamped into place to 
form the retort butt. As in the case of 
the hand made vessel, the mold was 
left. on for 48 hr, and the retort dried in 
the same manner.® 


HYDRAULIC PRESS 


Following the augur machine, a 
hydraulic press invented by a Belgian, 
E. Dor, and manufactured by C. 
Mehler, Aix-la-Chapelle, came into 
general use. Retorts made in the press, 
while more expensive than augur units, 
were denser and stronger. As a result, 
losses of zinc by absorption and pene- 
tration were reduced, a longer life and 
greater resistance to bending and 
corrosion were gained, and the charge 
could be forced longer at high tempera- 
tures to effect better zinc recoveries.” 
A further refinement in the Mehler 
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press was effected in the unit made by 
C. A. Wettengel which formed retorts 
at higher pressures, was more durably 
constructed and incorporated a number 
of labor saving devices.? 

For use in the press the mud had to 
be formed into ballots about 16 in. long, 
14 in. in diam and weighing 200 lb. 
Initially this was accomplished by feed- 
ing mud from the rotting rooms to a 
hammering or ‘“Schlag”’ machine. In 
time the Schlag machine was replaced 
by a powerful pug mill extruding a 14 
in. diam ballot to be cut off in the 
proper lengths. 

The ballot is placed in the receiver 
of the press and the die block and cover 
plate of the press closed and locked. 
Two rams, one a center punch corre- 
sponding to the retort interior and the 
other an annular ring between the 
receiver walls and the center punch, 
rise to compress the ballot. The center 
ram continues upward to a predeter- 
mined distance from the cover plate 
to form the retort butt while the ring 
retreats downward in corresponding 
displacement. After the desired pres- 
sure has been reached, the cover plate 
is swung open and the retort extruded 
upward between the die block and 
center ram by pressure from the ring 
ram. As the retort moves upward, it is 
guided by a sliding pipe framework 
with a plate fitting over the retort 
butt. After trimming to the desired 
length, the retort is placed in the 
drying room, no molds being required. 


DRYING AND ANNEALING 


Freshly made retorts were placed in 
rooms at atmospheric temperatures for 
1 to 3 weeks. Then they were moved to 
hot rooms at 100 to 140°F for a period 
of 4 weeks to 6 months to be with- 
drawn as required by the furnaces. 
Some plants used a series of 2 or 3 hot 
rooms each at progressively higher 
temperatures. Prior to being used in 
the furnace, the dried retorts were 
sealed in small kilns and over a period 
of 15 to 20 hr gradually heated to 
1500-1800°F. They were removed at 
this temperature and placed imme- 
diately in the furnace. 


PERFORMANCE 


The life and performance of clay 
retorts were materially improved by use 
of the hydraulic press. Life of a press 
made clay retort in a 24 hr furnace 
often averaged as high as 30 days with 
low iron ores such as coarse Joplin or 
Willemite. The M & H plant at La 


Salle is said to have had an outstanding 
record in this respect, achieving an 
average of 90 days with small diameter 
retorts and low burden of Joplin ore in 
the early 1900’s. With western ores of 
higher iron content, however, the life 
was as low as 12 to 14 days in some 
cases. There was a sizeable loss of zinc 
vapor by absorption in the walls of the 
retort (7-9 pct of the retort weight) 
and by penetration through the walls 
into the laboratory of the furnace 
(estimated as high as 2 pct of the zinc 
in the charge by some operators). 
Retort failures were caused by exces- 
sive bending, build up of loam outside 
and “‘rock oxide” inside the retort 
mouth, cracking from thermal and 
physical shock, slag boring and corro- 
sion. Among various attempted solu- 
tions to these difficulties were glazing? 
the exterior and/or interior of the 
retort to reduce vapor absorption and 
penetration, coating the interior with 
a noncorrosive basic lining? to resist 
slag corrosion from irony ores, making 
the retort bottom thicker than the 
other walls to give added strength and 
reduce boring losses, and making the 
retort in layers® of different materials— 
the interior to resist corrosion and the 
exterior to form the body of the retort. 


Silicon Carbide Retorts 


About 1912 the New Jersey Zinc Co. 
began experimenting with the use of 
silicon carbide in the retort mix in an 
effort to improve the life of the clay 
vessel. Although the higher cost of the 
retort was recognized at the outset, 
there were in addition to longer life and 
other potential advantages several at- 
tractive features at the Palmerton 
plant. These were the possibility of 
reducing the amount of St. Louis clay 
on which the freight charge was high, 
the nearby commercial electric furnace 
production of silicon carbide together 
with the producer’s desire to find new 
uses, and the smelter’s large scale use of 
Willemite ore. 

The first retorts were cast units of 
very high silicon carbide content and 
failed as a result of thermal shock after 
a short time. Then followed a period of 
experimentation using carbide crushed 
and sized to the recommendation of 
the Carborundum Co., mixed with 
plastic clay, and processed in the con- 
ventional manner. About 1913 a batch 
consisting of 88 pct silicon carbide and 
12 pct plastic clay by weight was pre- 
pared by hand mixing and working over 
a period of several weeks by Jake 
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Miller, a skillful potteryman. Ballots 
were prepared in a Schlag machine and 
passed through a Mehler press making 
2 retorts. After drying and burning in 
the conventional manner, they were 
placed together in the middle of the 
second row of a 4 high Siemens regen- 
erative furnace fired with producer gas 
made from anthracite coal. One of these 
retorts lasted 10 months and the other 
359 days. A mix of 70 pct silicon car- 
bide and 30 pct plastic clay was finally 
adopted as the composition which 
could best be worked with the then 
existing pottery equipment. Some 
years later this was changed to 65-35 
pet. Under the conditions at Palmer- 
ton, the method of crushing the silicon 
carbide was found to be most impor- 
tant, and pan mill ground grain to 
produce a size distribution approximat- 
ing Fuller’s curve of minimum voids 
gave the best results. 

The advantages realized at Palmer- 
ton in replacing clay retorts with car- 
bide ‘have combined to effect savings 
beyond the additional retort cost. 
These are: longer life—an average well 
over 100 days over the years—a more 
rigid piece of refractory permitting the 
use of a 5 ft retort without extra butt 
support, improved zinc recovery, smelt- 
ing time saved in changing fewer 
retorts, better heat transfer with conse- 
quent fuel saving and better control of 
furnace. 

There is a definite reaction between 
the silicon carbide and basic con- 
stituents of the charge, including zinc 
oxide, tending to decompose the car- 
bide. The practice of salt additions in 
sintering is prohibited, and its use 
mixed with the charge is limited to a 
maximum of 0.25 pct because of the 
alkali reaction. Basic and alkali bearing 
dust carried in the producer gas used 
in firing attacks the exterior of the 
retort similarly.- The highly acidic 
nature of the residue from the Wil- 
lemite ore-anthracite coal charge un- 
doubtedly contributes to the successful 
results at Palmerton. : 

Manufacture of silicon carbide re- 
torts for use with sintered zinc sulphide 
charges has been described by E. J. 
Bruderlin® at the Amarillo plant of the 
American Smelting and Refining Co. 
Current retort size is 914 in. inside 
diameter, 62 in. inside length, 134 in. 
wall, 214 in. butt, weight burned 224 
Ib. Amarillo uses 2 classes of retorts— 
the No. 1 class made with clean, freshly 
produced silicon carbide and the No. 2 
class made with about half new mate- 
rial and half reclaimed carbide. The 
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average life in calendar days of these 
retorts for the period 1940 to 1947 in- 
clusive was 228.6 days for the No. 1 
retort and 123.1 for the No. 2. During 
this period 24, 28, 32, 36 and 48 hr 
cycles were used. 


Silica Retorts 


After the silicon carbide retort had 
been established successfully at Pal- 
merton, several smelters experimented 
with the use of carbide in their retort 
mixes. However, the high cost, close 
process control required and relatively 
difficult furnace working conditions 
were prohibitive in most instances, and 
other methods of improving the clay 
vessel were sought. 

During a visit to the Hillsboro plant 
of the American Zinc, Lead and Smelt- 
ing Co. about 1915, a German engineer 
named Salzberg mentioned that Ger- 
man retort clays contained relatively 
high silica. In 1919 while experimenting 
with a wide variety of refractory 
materials mixed with the regular 
clay-grog mix in an effort to produce 
a longer retort which would resist bend- 
ing, the Rose Lake smelter of the same 
company tested silica additions from 5 
pet through 35 pct by volume of the 
mix. As a result of this work, the high 
silica retort mix became regular prac- 
tice at Rose Lake in 1920, although the 
volume of silica was not standardized 
at 25 pet until 1929. 

W. F. Rossman’ of the American 
Zinc, Lead and Smelting Co. patented 
the high silica retort in 1922, specifying 
proportions by volume of 50 pct plastic 
clay, 25 pet grog and 25 pct silica flour 
of minus 140 mesh. Manufacture and 
performance of this retort at Rose Lake 
were described by G. L. Spencer, Jr.® in 
1931. The first license under the patent 
was granted May 1, 1928 to the Hegeler 
Zinc Co., and within a few years the 
silica vessel was adopted universally by 
the other smelters not using silicon 
carbide. 

From the information available, the 
25 pet proportion of silica has been 
followed by the industry, although 
variations in the volumes of clay and 
grog have been made. For example, 
Dumas uses a mix of 45 pct plastic 
clay, 30 pet grog and 25 pct silica flour. 
The 5 pct additional grog is intended 
to further stiffen the retort, but no 
data are available to prove or disprove 
the benefits. 

A further improvement in the prac- 
tice of manufacturing both carbide and 
silica retorts was the use of the de- 


airing pug mill. This equipment was 
developed at the Donora Zinc Works 
in 1940 and has been described by M. 
M. Neale.® Greater density and strength 
of the retort wall are the principal 
advantages. Another recent innovation 
is controlled humidity or “‘quick”’ dry- 
ing of retorts, introduced at Donora!® 
on a commercial scale in 1947. Un- 
doubtedly this process removes me- 
chanical moisture much more rapidly 
and uniformly than is done during the 
first 15-45 days in the conventional 
drying room. However, the value of 
long aging: in addition to drying is 
considered by some smelters to be of 
great importance to long retort life, 
and some believe that aging of quick 
dried retorts will materially improve 
them. 

As an example of current manufac- 
ture of silica retorts, the practice of 
the Blackwell Zinc Co. is described. 
The retort is of circular cross-section 
and has the following dimensions 
burned: inside diameter 91 in., in- 
side length 62 in., wall 114, in., butt 
2144 in., weight 171 lb. 


MATERIALS 


Materials used in fabricating the 
retort and their proportions by volume 
are 50 pct plastic clay, 25 pct grog and 
25 pet silica flour. Wet weights per cu 
ft and average moisture content of the 
crushed materials as used are: clay, 
78 lb per cu ft, 7.0 pct moisture; grog, 80 
and 1.0 pet; silica flour, 68 and 0.5 pct. 
Missouri clay from the area about 100 
miles northwest of St. Louis is used and 
has approximately the composition 
shown in Table 2. After weathering 6 
to 12 months whenever possible, the 
clay is sized to minus 0.095 in. Grog is 
purchased de-aired setter slab mate- 
rial which has been used in making and 
burning fire brick. A typical analysis 
is given in Table 2. Grog is sized to 
minus 0.120 in. Silica flour is of high 
quality, assaying approximately 99.5 
pet SiO», and is in the form of a fine 
flour, 95 pct through a 150 mesh sieve 
and 50 pct through 200 mesh. 


Table 2... Analysis of Clay and 
Grog Used in Blackwell Retorts 


Clay, Pct 


Grog, Pct 
AlkOs 30.5 38.9 
SiOz 58.0 56.0 
Fe203 1.0 4,2 
MgO 0.1 0.14 
CaO 0.2 0.35 
Ss 0.2 0.12 
Loss on ignition 9.8 0.0 
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FORMING RETORTS 


Desired quantities of clay, grog and 
silica are bucketed into a horizontal 
pug mill from adjacent storage bins. 
Sufficient water, usually 12.5 to 13.0 
pet in the mix, is added to produce the 
desired stiffness. The mud is extruded 
through a round cornered 734 X 1034 
in. opening from the mill, cut and 
stacked nearby. When approximately 
23 tons (enough for 235 retorts) has 
been made, the feed of raw materials 
is stopped and the entire batch imme- 
diately repugged. It is recut and 
stacked in rotting rooms for 5 to 6 
days. After the rotting period, the mud 
is fed into a Bonnot de-airing pug mill 
where it is repugged, shredded, de- 
aired under a vacuum of 25-27 in. of 
mercury, and compressed into an 
ejecting cylinder 15 in. in diam. The 
ballots are cut off in 17 in. lengths and 
made into retorts in a Mehler press. 
The butt is formed with a pressure on 
the mud of 1050-1100 psi and the walls 
extruded at 300-350 psi. After trim- 
ming to proper length, the retorts are 
wheeled individually on rubber tired 
trucks to the drying rooms, 


DRYING 


Drying rooms have brick walls and a 
gently sloping frame roof. The floor is 
made of wood 2 X 4’s laid flat and 
spaced 14 in. apart over the floor 
joists. To a height of 6 ft from the floor, 
a rough wood. wainscoating separates 
the retorts from the brick walls by a 
4 in. airspace. In the roof are con- 
structed 2 ventilators with the outside 
openings shielded from possible entry 
of rain and containing dampers for 
varying the openings. Steam pipes are 
laid 6 in. below the floor and at the 
ceiling to effect drying. The average 
room holds about 1500 retorts. 

Prior to using a room for drying, all 
steam is shut off, the ventilators are 
closed, and the walls and floor wet 
down. The retorts are carefully placed 
in rows beginning against the farthest 
wall from the door. Each retort is put 
as close as possible to its neighbors 
with each row interlocking the pre- 
ceding row. At the end of each produc- 
tion shift, the exposed row is covered 
with damp burlap and the door closed. 
When the room is filled, boards are 
placed across the doorway to a height 
of 6 ft, the retorts in the doorway 
covered with burlap and the door 
closed. 

Depending on outside conditions, the 
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temperature in the room will average 
80°F when filling is completed. Daily 
checking of the room is required, and 
its temperature at a regular time each 
day is recorded on a chart on the door. 
On the fifteenth day after closing, the 
ventilators are opened and steam is 
cracked on the floor coils. Steam addi- 
tions are carefully controlled so that 
the temperature rises only 1 or 2° each 
day. When possible, all drying is ef- 
fected with the floor coils only. How- 
ever, after 30 days from start of 
heating, steam may be turned in the 
ceiling coils if necessary to maintain 
the temperature increase until 135°F 
is reached. Occasionally in cold weather 
it is necessary to use the top coils to 
prevent condensation drips from the 
ceiling. 

The room is held at 130-135°F until 
opened for furnace use. Retorts are in 
the rooms 90 to 120 days. Loss in dry- 
ing based on retorts used in the fur- 
naces is quite low as evidenced by the 
following: 1945—0.12 pct, 1946—0.16 
pet, 1947—0.11 pet. 


PREHEATING 


On the day preceding the prescribed 
furnace maneuver, the required number 
of retorts is taken from the oldest 
drying room and placed in conventional 
down draft gas-fired kilns. Doors are 
sealed and the kilns fired at 3 in the 
afternoon in anticipation of use the 
following morning between 6 and 9. 
Heating is gradual to a maximum of 
1600-1800°F during the latter part of 
the period. When retorts are to be 
withdrawn, the gas is shut off and the 
doors opened. The retort must be 
placed immediately in the furnace 
when taken from the kiln as it is very 
sensitive to temperature change. Dur- 
ing any pause in the removal of re- 
torts over a few minutes duration, the 
kiln door is closed and the gas reapplied. 

Retort loss at the kilns is 4 pet based 
on retorts used in the furnaces. 1 pct 
of this is due to errors in firing—pri- 
marily spalling from too rapid heating. 
3 pet represents breakage from faulty 
handling on removal from the kiln. All 
retorts lost at the kilns are collected 
and returned to the pottery for use as 
grog. Retorts lost in drying are hard 
burned in a kiln and used in the same 
way. 


PERFORMANCE 


Performance of the silica retort at 
Blackwell for the period 1943 through 


August, 1948, is shown in Table 3. Ores 
used during this time were about one 
third low iron sulphide flotation con- 
centrates of about 2.5 pct Fe in the 
green ore and two thirds containing 

about 7.0 pct Fe. 


Table 3... Performance of Silica 
Retort at Blackwell 


Lire IN FurRNACE CyYCLES* 
22.69 


1943 6 

1944 28.54 
1945 29.83 
1946 31.59 
1947 26.20 


1948 29.34 
* Furnace cycle 24 hr before June 1944 and 


93 pct at 48 hr since. 


Conelusion 


The history of the horizontal zinc 
retort in the United States records 
a continual effort to enlarge the retort. 
The two most significant developments 
in this respect were the use of the 
hydraulic press in forming retorts and 
the use of silicon carbide and silica 
flour mixes. The 62-64 in. inside length 
employed today is not the limit at 
which the modern retort can effectively 
resist bending but is, rather, the sup- 
posed practical limit of effective 
manual charging. Extending the fur- 
nace cycle beyond 24 hr has permitted 
on a practical scale increasing diameter. 
However, even with the 48 hr cycle the 
maximum distance for heat penetration 
appears to be limited depending on the 
slagging characteristics of the ores 
charged. Longer life and improved wall 
density of modern retorts have made 
possible better zinc recoveries. 

While the advantages of both the 
silicon carbide and silica retorts are 
easily discernible over the clay vessel, 
it is difficult to make any such distinc- 
tion between the former. In the United 
States only the two primary zinc 
smelters previously mentioned use 
carbide retorts, and- the balance use 
silica. In cost the carbide retort is 4 to 
6 times as expensive, but correspond- 
ingly, its life is 3 to 4. times as long in 
terms of charge cycles dependent on the 
composition of ores used and character 
of the firing fuel. 

Heat transfer within the furnace is 
much more effectively accomplished 
with the carbide than the silica. Car- 
bide retorts can be and are fired to 
higher temperatures than silica re- 
torts, resulting in lower zinc in the 
residue but greater demands on furnace 
linings. Special refractories are some- 
times resorted to where carbide retorts 
are used. Because of the longer life, 
more attention must be given to 
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chiseling out loam build up and ‘rock 
oxide.” For the same reason, use of 
carbide retorts in Hegeler furnaces is 
impractical because of build up of 
fusible fly ash fastening retorts to the 
shelves. The use of salt in sintering and 
in preparing the charge is restricted. 
Residual sinter sulphur must be held 
to a low figure, preferably 0.2 pct or 
lower. The silica retort is subject to 
boring and corrosion by fusible iron 
slags but is considerably easier to cut 
out and replace in the furnace. Thermal 
shock below furnace temperatures is 
much more damaging to the silica, 
even the old clay retort being superior 
in this respect. Because of the better 
heat transfer, heavier retort weight and 
greater difficulty in cutting out retorts, 
the working conditions are said to be 
less satisfactory on a silicon carbide 
retort furnace. On the other hand, 
changing less retorts per cycle at least 
partially offsets this. Practical burdens 
per retort are about the same for both 
vessels. Other things being equal, the 
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longer life of carbide retorts should 
make possible higher recoveries of zinc. 
Choice of the retort is a matter depend- 
ing on local conditions at the indi- 
vidual smelter. 
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A view in an assaying laboratory (Ercker, 1574). 
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forming silver sulphide which is subsequently melted to separate the contained gold. 
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probably the earliest use of steam power for serious purposes. 
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ht foreground is smelting copper ore for assay directly in a little 
ded by aeolipile acting as an injector. This is 


(Courtesy Cyril S. Smith.) 
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The Effect of Strain-temperature 
History on the Flow and Fracture 
Characteristics of an 
Annealed Steer 
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E. J. RIPLING} and G. SACHS,f Member AIME 


Introduction 


Aut ferrous alloys can be made brit- 
tle by straining at sufficiently low 
temperatures. However, the changes in 
mechanical properties for different 
ferrous materials with decreasing test- 
ing temperature do not appear to fol- 
low any universal law. 

In particular, complex effects of test- 
ing temperature have been observed if 
cold worked steels were subjected to 
tensile tests at low temperatures. 


EFFECTS OF PRESTRAINING AT A 
TEMPERATURE ABOVE THE TEST- 
ING TEMPERATURE ON THE 
FRACTURE CHARACTERISTICS { 


A considerable amount of data has 
been presented by a number of investi- 
gators on the fracture characteristics of 
various cold worked steels.! These data 
usually relate to a two-step procedure 
first used by Davidenkov,? consisting 
of stretching by tension to a certain 
strain or “prestraining”’ at room tem- 
perature and then completing the 
tensile test, or ‘‘testing”’ at the tem- 
perature of liquid air. 

On the basis of data of this type 
made available to date, ferrous alloys 
can be classified into two groups with 
respect to their fracture characteristics 
observed on testing at a low tempera- 
ture after prestraining at room tem- 
perature. Very complex phenomena 
have been observed for all annealed 
steels. On the other hand, some ob- 
servations indicate that steels in cer- 
tain other conditions represent a 
fundamentally simpler relation. 

In considering the effect of pre- 
straining at one temperature on the 
properties obtained at some lower 
temperature, it should be expected that 
any cold work reduces the ductility 
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retained in proportion to the magnitude 
of the cold work. However, the test 
data presented to date indicate that 
only heat treated (quenched and 
tempered) steels appear to conform to 
this expectation, according to the very 
limited test data in Fig 1, presented by 
McAdam, Geil and Mebs. This series 
of tests, Fig 1, shows that the retained 
ductility became smaller the larger the 
prestrain. However, this decrease is 
less than the amount of prestrain 
or, in other words, less than the de- 
crease in ductility at the prestraining 
temperature. 

These effects of prestraining are 
fundamentally identical with those ob- 
served by Bridgman? when a steel was 
prestrained (in tension) under hydro- 
static pressure and then subjected to a 
regular tension test. It appears, there- 
fore, that the basic effect of prestrain- 
ing under conditions which yield a 
higher ductility than the (subsequent) 
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{In most investigations in which 
the effect of some variable or variables 
on the fracturing characteristics is to 
be determined, it has been found that 
the ductility generally responds to the 
variables more simply and accurately 
than the fracture stress. Conse- 
quently, in this paper the main 
emphasis will be placed on ductility 
changes. 

1 References are at the end of the 
paper. 


testing procedure, consists of gradu- 
ally increasing the total ductility of 
the metal from the initial low value 
of testing to the higher value of 
prestraining. 

On the other hand, all annealed 
steels, if cold worked by tension at 
room temperature and then tested at a 
lower temperature, provided that some 
ductility is retained, showed a far more 
complex behavior than that discussed 
above. This relationship is exemplified 
by Fig 2, for three pearlitic steels.*° 
These particular steels were selected 
because of the various shapes of their 
ductility-prestrain curves. All three 
steels, and any other investigated so 
far, suffered a rapid decrease in re- 
tained (and consequently also in total) 
ductility when subjected to small pre- 
strains. Then, after exceeding a certain 
prestrain it was generally observed 
that the ductility recovered.* 

This rather complex behavior of an- 
nealed steels may be tentatively corre- 
lated with the presence of stretcher 
strains at small prestrains. Heat 
treated steels do not exhibit stretcher 
strains. This fact might possibly ex- 
plain their simpler prestrain-retained 
ductility relationship. 

The destructive effect of these 
stretcher strains may possibly be as- 
sociated with the presence of triaxiality, 
which may occur in any highly non- 
uniform stress and strain state (and 
which is retained as residual stress 
after unloading). Even a small degree 
of triaxiality may then cause a reduc- - 
tion in ductility, or even embrittlement 
at a sufficiently low testing temperature. 

The discussion presented above deals 
with the effects of cold working at a 
high temperature on the fracturing 


* This damaging effect of small tensile strains 
on the low temperature properties of annealed 
steels is further revealed by some tests made by 
Davidenkov and Sakharov? on a 0.20 to 0.25 pet 
carbon steel. The transition temperature of this 
steel was found to go through a maximum at small 
prestrains, as shown in Fig 3. 
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FIG 1—Effect of prestraining in tension at room temperature on the ductility at a low 
temperature (— 190°C) obtained on a heat treated steel (McAdam, Geil, and Mebs). 


characteristics at a lower temperature. 
Apparently, the reverse case, that is, 
prestraining at a low temperature and 
testing at a higher temperature to 
failure, has not yet attracted any 
attention. 


EFFECT OF PRESTRAINING AT 
ONE TEMPERATURE ON THE 
FLOW CHARACTERISTICS AT A 
HIGHER AND A LOWER TESTING 
TEMPERATURE 


The effect of two-step, cold work 
treatments has also been investigated 
on another metal characteristic, that is, 
strain hardening, as represented by the 
general shape of the stress-strain curve. 
The very limited data presented by 
Hollomon® obtained on a 1020 steel 
have been evaluated by him to prove 
that the temperature of prestraining 
has no effect on the strain hardening 
observed at a given temperature, Fig 
4. In other words, the state of strain 

hardening is independent of the strain- 
ing temperature, as long as the tem- 
perature is sufficiently low to prevent 
diffusion. 

According to some data by Orowan,’ 
however, obtained on copper which 
was strained in steps at room tempera- 
ture and at the temperature of liquid 
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nitrogen, Fig 5, the stress at any parti- 
cular strain is very greatly affected by 
the temperature at which the strain 
was made. Furthermore, in some more 
recent tests, Dorn, Goldberg and 
Tietz’ prestrained 2SO aluminum at 
various temperatures and then tested it 
at both a higher and a lower tempera- 
ture than the prestraining temperature. 
Their results were in agreement with 
those of Orowan in that the flow stress 
at any particular strain depended 
greatly on the strain history. Further- 
more, they found that prestraining at a 
high temperature had a greater effect 
on the flow stress at the low tempera- 
ture than the reverse process of pre- 
straining at a low temperature and 
testing at the high temperature. In ad- 
dition to the work done on 2SO they 
also prestrained pure aluminum, cop- 
per, 65/35 brass, and 18/8 stainless 
steel at room temperature before test- 
ing at a low temperature. The flow 
stress of each of these materials also 
showed a great dependence on strain 
history. 


PURPOSE OF PRESENT 
INVESTIGATION 


This investigation was conducted in 
order to clarify some of the problems 
discussed above. A low carbon 234 pct 
silicon steel was selected for the investi- 
gation. Test series were conducted to 
determine the following: 

1. Effect of testing temperature on 
the properties of the 234 pct silicon 
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FIG 2—Effect of prestraining in tension at room temperature on the retained ductility at a 
low temperature (—190°C) obtained on annealed steels. 
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FIG 3—Effect of prestraining in tension at room temperature on the transition 
temperature of an annealed (coarse grained) 0.20 to 0.25 pct carbon steel (Davi- 


denkov and Sakharov). 


steel, to determine the basic effects of 
testing temperature on the mechanical 
properties of this metal. 

2. Effect of prestraining at room 
temperature on the properties at 
various low temperatures. 

3. Effect of prestraining at various 
temperatures on the properties at a 
constant low temperature. 

4. Effect of prestraining at various 
low temperatures on the properties at 
room temperature. 


Material and Equipment 


MATERIAL 


The mechanical properties of ordi- 
nary low and medium carbon steels 
behave in general quite peculiarly with 
varying temperature. As discussed in 
a later section, most steels, when the 
temperature of testing is reduced, be- 
come considerably stronger while their 
ductility is only slightly affected over 
wide limits. However, at some low 
temperature the ductility drops to very 
small values over a narrow tempera- 
ture range. In an investigation of the 
type proposed here, a steel whose 
fracturing characteristics behaved in 
this complex manner would impose a 
considerable limitation on the results 
that could be obtained. Consequently, 
a 234 pct silicon steel was selected for 
this work. The steel, which approached 
a solid solution type alloy, had the 
following analysis: C, 0.031; Mn, 0.12; 
P, 0.011; S, 0.015; Si, 2.73; Ni, 0.098; 
Al, 0.23; Cu, 0.116; Sn, 0.008. This 
steel also possessed the advantages 
that its ductility at room temperature 
was quite high, while it decreased to a 
very low value at the lowest tempera- 
ture obtainable. A high silicon steel of 
this type also possesses very uniform 
flow and fracture characteristics. 

The steel which was supplied in the 
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form of 34 in. rods had been annealed 
at 1450-1500°F for 8 hr, so that it 
possessed quite a large grain size. The 
steel was used in this ‘“‘as-received”’ 
condition. 


EQUIPMENT 


The prestraining and testing was 
done on a 10,000 Ib Riehle tensile test 
machine. All room temperature strains 
were accomplished with the use of a 
specially designed loading fixture that 
yielded an eccentricity of loading of 
less than 0.001 in. and a radial strain 
gauge reading in 0.0001 in.® These same 
loading fixtures were adapted for the 
low temperature work under which 


S40 


condition the eccentricity was slightly 
higher. A remote reading mechanical 
gauge reading in 0.0001 in. was also 
developed to be used with this appara- 
tus. A detailed description of this 
equipment is given in another report.” 


Procedure and Method of 
Evaluation 


PRESTRAINING AND TESTING 
PROCEDURE 


All specimens used in this investiga- 
tion were initially machined to a 2-in. 
contour radius at the reduced section, 
to enforce fracturing at a predeter- 
mined location and to facilitate meas- 
uring the strains at the neck. The other 
specimen dimensions are shown in 
Fig 6. 

Specimens that were tested at tem- 
peratures less than —78°C (that 
is, —80, —100, —120, —150, and 
—196°C) were finished by polishing in 
such a manner that the scratches on 
these specimens were in the direction 
of the axis of the specimen. Specimens 
that were prestrained and then tested 
at temperatures less than —78°C were 
polished after prestraining. In this 
series of tests, specimens that were 
prestrained to less than approximately 
30 pct were polished to a 2-in. radius. 
If the specimens were prestrained to 
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FIG 4—Stress-strain curves for 1020 steel at a high and a low 
temperature and for prestraining at a high temperature and testing at 


a low temperature (Hollomon). 


FEBRUARY 1949 


more than 30 pet, the contour radius 
of the strained specimen was deter- 
mined, and the specimen was polished 
to this radius. This procedure removed 
approximately 0.005 from the 
diameter. 

All tests were made with the speed of 
the movable head of the tensile ma- 
chine approximately 0.04 ipm so that 
for each specimen strained, a large 
number of gauge readings could be 
taken at different loads in order to 
enable point by point recording of the 
stress-strain curves. (This, of course, 
was not possible at temperatures at 
which the coolant was frozen.) These 
readings yielded values of the average 
or “‘true”’ stress,* and of the average 
decrease in diameter of the minimum 
section. The diameter reduction was 
converted into the natural maximum 
strain, €,, according to the equation: 

Original area 


1 Instantaneous area 
Original diameter 


stantaneous diameter 


in. 


€ 


== 2in In 


From these data a stress-strain curve 
was obtained for each specimen 
strained, showing the true stress as a 
function of the natural strain. In all 
instances these natural strains, there- 
fore, relate to the dimensions of the 
specimen at the beginning of a particu- 
lar straining operation. However, the 
use of natural strains made possible the 
addition of the prestrains and testing 
strains by the simple graphical opera- 
tion of plotting the respective stress- 
strain curves side by side. 

In the testing operation, particular 
care was exercised to observe the load 
at the moment of fracture so that the 
fracture stressf could be evaluated. 
The corresponding fracture strain or 
“retained ductility’? was determined 
by diameter measurements made with 
a micro-comparator before and after 
straining. 


METHOD OF EVALUATION 


The evaluation of the test data was 


based primarily on the following two 
types of graphical representations: 

1. A comparison of stress-strain 
curves obtained at a given temperature 
for various amounts of prestrains at 
several different temperatures, see Fig 
16 to 21. 

2. The dependence of the retained 
ductility at a given temperature upon 
the magnitude of prestrain, with the 


_ * The true stress was defined as the ratio of 
the load to the minimum area of the specimen 
at the instant at which the load was obtained. 


+ True stress at fracture. 


FEBRUARY 1949 


TIPLE STHESS ~ LOOOHS/ 


LO 


4S 
LVANIIT EST NATO AL SIPAIN CGD) 


<o 2aF SO (So) 


FIG 5—Effect of alternately straining at room temperature and at —196°C on the flow 
stress of a high conductivity copper (Orowan). 
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FIG 6—Tensile test specimen. 


temperature of prestrain as parameter, 
see Fig 11 and 15. 

These data were obtained, as men- 
tioned before, on tensile test specimens 
having an initial longitudinal contour 
radius of two inches. This initial con- 
tour and the fact that the specimens 
developed necks on straining undoubt- 
edly influenced the measured values of 
stress and ductility. However these 
effects of specimen shape are super- 
imposed on the phenomena being dis- 
cussed in this paper, and the measured 
average stresses and strains appear 
satisfactory. Furthermore, the princi- 
pal conclusions derived relate to com- 
paratively small strains and should, 
therefore, be only slightly influenced by 
the process of necking. 


Diseussion of Results 


EFFECTS OF TESTING TEMPERA- 
TURE ON THE PROPERTIES OF THE 
UNSTRAINED MATERIAL 


For the purpose of this investigation, 
it was first necessary to investigate the 
direct effect of testing temperature on 
the flow and fracture characteristics of 
the selected steel. Wherever possible, 
stress-strain curves were determined, 
which are plotted in Fig 7 and 8. The | 
dependence of the yield strength (1 
pet),* the tensile strength, and the 


* The yield strength was defined as the stress 
at 1 pct permanent set instead of the conventional 
value of 0.2 pct, since the strain gauge used at 
low temperatures yielded more reliable values at 
this higher strain. 
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FIG 7—Effect of testing temperature on the stress-strain characteristics of a 234 pct Si steel. 


fracture stress upon temperature is 
shown in Fig 9 and that of the ductility 
in Fig 10. In both Fig 7 and 10 ap- 
proximate values of the maximum load 
strains are also indicated. It can be 
seen from the stress-strain curves in 
Fig 7 and from Fig 9 that the value of 
yield strength changed with tempera- 
ture at an approximately constant rate 
over the entire range investigated. The 
general shapes of the various stress- 
strain curves in Fig 7 are rather simi- 
lar. With decreasing temperature, the 
stress-strain curve moved to higher 
stresses, increasing its slope, ds/dei,* 
only very slightly. The maximum load 
strain (which depends upon the relative 
slope, ds/sde1) consequently decreased 
slightly with decreasing temperature. 
(See Fig 10.) 

The tensile strength, like the yield 
strength, also changed with tempera- 
ture at an approximately constant rate 
down to a temperature of —130°C. 
The tensile strength values then went 
through a maximum at about — 150°C. 

At room temperature the silicon 
steel curves exhibited a slight but dis- 
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FIG 8—Effect of testing temperature on the stress-strain character- 


ents 3 : * Where s = average tensile stress, and «1 = 
istics of a 234 pct Si steel. maximum natural strain. i 
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FIG 9—Effect of testing temperature on the strength properties of a 234 pet 


Si steel. 


tinct yield point jog, or reversal in 
curvature at small strains, as apparent 
from the conventional stress-strain 
curves in Fig 8, which are plotted on 
an enlarged scale.* Fig 8 also includes 
several stress-strain curves taken at 
temperatures of —78 and —196°C. 
(These were the only low temperatures 
at which reliable small strain measure- 
ments were obtained.) The stress- 
strain curves for —196 and —78°C 
showed no indication of a yield point 
jog. It may be concluded, therefore, 
that the reversal in curvature of the 
stress-strain curves of the silicon steel 
decreases with decreasing temperature 
until it disappears somewhere before 
—80°C. 

The ductility (contraction in area 
converted to natural strain) of the 
silicon steel decreased according to Fig 
10 with decreasing temperature. At 
approximately —130°C the ductility 
became equal to the maximum load 
strain and at still lower temperatures it 
rather gradually approached very small 
values. At the lowest temperature used, 
—196°C, the steel was still distinctly 
ductile. (See Fig 8 and 10.) 


*The pairs of stress-strain curves in Fig 8 
represent tests obtained on pairs of randomly 
selected specimens at each temperature. 
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The fracture stress changed with 
temperature in a manner which showed 
this property’s dependence on both the 
flow stress (yield strength) and duc- 
tility. (See Fig 9 and 10.) This explains 
the rather slow decrease in fracture 
stress in the range below room tempera- 
ture, where the relative change in duc- 
tility was also comparatively small. At 
lower temperatures the (average) frac- 
ture stress decreased at nearly a steady 
rate, to become slightly more than one 
half of the room temperature value at 
—196°C. 


EFFECT OF PRESTRAINING AT 
ROOM TEMPERATURE ON THE 
FRACTURING CHARACTERIS- 
TICS AT VARIOUS LOW TEM- 
PERATURES 


Fig 11 shows the ductility values re- 
tained after specimens were pre- 
strained various amounts in tension at 
room temperature and then tested to 
failure at various low temperatures. 

The retained ductility values went 
through a minimum, the magnitude of 
which was proportionally larger the 
lower the testing temperature. Thus, 
for example, at —196°C the ductility 
dropped from 21% pct with no pre- 
strain to approximately 0.01 pct at 
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FIG 10—Effect of testing temperature on the ductility of a 234 pct Si 
steel. 
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FIG 11—Effect of prestraining in tension at room temperature on the retained ductility at various low temperatures. 
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FIG 12—Effect of prestraining in tension at room temperature on the properties obtained at —196°C, 
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FIG 13—Effect of prestraining at various temperatures on the retained ductility at —196°C, 


4 pct prestrain. At —100°C the duc- 
tility decreased from about 47 pct at 
zero prestrain to about 41 pct at a 
prestrain of 4 pct. At the highest tem- 
perature used in testing (—40°C), the 
minimum disappeared. 

These curves also showed a maxi- 
mum at the lower temperatures which 
gradually disappeared as the testing 
* temperature was increased. At the 
lowest temperature used, — 196°C, the 
maximum value of retained ductility 
(at 18 pct prestrain) was approximately 
4 pet. This value was distinctly larger 
than the ductility of the unstrained 
metal which averaged only 24% pct. It 
also appears that the prestrain value at 
which this maximum occurred moved 
to lower prestrains as the testing tem- 
perature was increased. 

The data presented here confirmed 
previous test results in that a consider- 
able ductility was generally retained at 
low testing temperatures even though 
the magnitude of the prestrains at the 
high temperature exceeded the total 
ductility of the steel at the (low) tem- 
perature of testing. Only when the pre- 
strain approached its limiting value, 
that is, the ductility at room tempera- 
ture, did the ductility retained at the 
testing temperature also approach zero. 
Thus, in the range of large prestrains the 
retained ductility decreased gradually 
from its maximum value to the value of 
zero at a prestrain equal to the room 
temperature ductility. 

Fig 12 represents stress-strain curves 
obtained after prestraining at room 
temperature and testing at —196°C. 
These curves are plotted so that their 
position on the strain axis indicates the 
magnitude of prestrain. From these 
curves it can be seen that the points of 
fracture defined a smooth continuous 
function of the total strain. The con- 
siderable variations in retained duc- 
tility, therefore, affected the fracture 
stress only slightly. The decrease in 
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fracture stress after small prestrains, 
frequently observed in previous in- 
vestigations at — 196°C, was therefore 
either absent or very small for the 
silicon steel. After prestrains larger 
than a few the percent, fracture stress 
increased rapidly with increasing pre- 
strain up to a strain of €; = 0.30. After 
this value of prestrain, the increase in 
fracture stress became much slower. 
This can be explained by the increasing 
depth and sharpness of the neck beyond 
strains of €; = 0.30. Since the ductility 
retained at this temperature is quite 
small, the fracture stress should not 
only be a function of the strain, but 
also of contour (depth and sharpness) 
of the neck. Consequently, at high 
values of prestrain the specimen shape 


may account for the low fracture stress 
values. 


EFFECT OF PRESTRAINING AT 
VARIOUS TEMPERATURES ON THE 
FRACTURE CHARACTERISTICS AT 
A CONSTANT LOWER 
TEMPERATURE 


In Fig 13 the ductility retained at 
—196°C after prestraining at +20, 
—100, and —120°C, respectively, is 
plotted as a function of the prestrain. 
Small prestrains at any of these tem- 
peratures reduced the retained ductility 
to very small values which do not per- 
mit definite conclusions regarding any 
effect of the prestraining temperature. 
At larger prestrains, however, the 
ductility was found to be larger the 
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£90 


LBO 


470 


NOON 
S48 


* 
8 


ta 1 ae 
-7E°cC Fiow | 


L30\— STRESS COMVE 


\g APOOV FRSA 
sp ALLOW STRESS 


\ 
N 


N 
N 


FRLE SIA SS ~ LOCO PS/ 


S 


GO POVN TS 


: xX MAH, LOAD 
7O POINTS 


GQ LO .20 SO 42 .50 6O 7O G0 .90 100 LIO L20 L230 LO IO 


AIANIITSL NATURAL STIAAIM (Cz ) 


FIG 16—Effect of prestraining in tension at room temperature on the flow characteristics at —78°C. 
86... METALS TRANSACTIONS : FEBRUARY 1949 


\ 
q 


\ 
S 


\ 
S 


\ 
N 


N 


TALL STIRLSS ~ L000 “S/ 


S 


ale 
ES 
eS 
al 
<i 
aba 
: a 
Foca 
tabes 
FEES 
Hepa 


~GO°CS FLOW 
SIAM ESS CLAVE 


3 


APOO/F JESTP. 
PLOW STAPASS 
CLAVE TAKEN 
FAO FIG. 7 


@ ARACIGRE POUNIS 


X MAK LOAD POINTS foe 


Kg SONITEA LANGE 
AOR PERO PRESTAALI 


sil 


-OO 90 L00 L110 420 LI0 £40 150 


AVAASITE TI NAFORAL S7ILPAIM (Ez) 


FIG 17—Effect of prestraining at —60°C on the flow characteristics at room temperature . 


higher the prestraining temperature, as 
was to be expected from the results of 
the first group of tests discussed above. 

Fig 14 shows the fracture stress 
values obtained in these three test 
series, at the temperature of —196°C. 
According to this graph, the fracture 
stress appears to be independent of the 
prestraining temperature, and only a 
function of the magnitude of strain. 
This would be in agreement with some 
data by Hollomon" in which a pearlitic 
steel was prestrained at various tem- 
peratures between —110 and +20°C 
- and then tested at —190°C. However, 
from the fact that the ductility values 
appeared definitely dependent upon 
the temperature of prestraining, the 
conclusion must be drawn that this 
also applies to the fracture stress. On 
the other hand, these resulting differ- 
ences in fracture stress would be very 
small for the small ductility values ob- 
served, assuming that the stress-strain 
curve is determined only by the magni- 
tude of prestrain. As shown later, this 
assumption probably does not apply, 
and this may also cause differences in 
the fracture stress. Apparently, both 
these effects are of sufficiently small 
magnitude to be hidden in the general 
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scattering of the test results. 


EFFECT OF PRESTRAINING AT 
VARIOUS LOW TEMPERATURES ON 
THE FRACTURING CHARACTER- 
ISTICS AT A HIGH TEMPERATURE 


The effects of prestraining at various 
low temperatures on the ductility re- 
tained at the high (room) temperature 
are shown in Fig 15. It appears that 
prestraining at any low temperature 
up to strains close to failure is no more 
damaging to the metal than if the same 
strain is accomplished at room tem- 
perature. The retained ductility values 
at room temperature decreased so that 
they were always equal to the total 
ductility in testing minus the prestrain. 
Only at high values of prestrain very 
close to the ductility of the steel at the 
temperature of prestraining did the 
straining appear slightly more harmful 
at the low temperature than the same 
strain would have been if the entire 
test had been conducted at room tem- 
perature. This applies to all three 
temperatures of prestraining. 

Since the material used for the 


60°C prestrains had slightly different 


properties than that used for the —78 


and —120°C prestrains, two different 
45° lines are given in Fig 15. 


EFFECTS OF PRESTRAINING ON 
THE FLOW CHARACTERISTICS 


The plastic flow characteristics of a 
metal are represented by the general 
shape of its stress-strain curve or, more 
specifically, by the initial value of the 
yield strength and the slope of the 
curve or strain-hardening rate. Con- 
sequently, an evaluation of the effect of 
prestraining on the flow characteristics 
was based on a determination of the 
effect of prestraining on these two 
characteristics. Furthermore, this anal- 
ysis is based on the fact that straining 
at any single temperature simply uses 
up a portion of the initial stress-strain 
curve equivalent to the magnitude of 
the prestrain. 

A number of stress-strain curves ob 
tained on the silicon steel after pre- 
straining at a temperature higher than 
the testing temperature are given in 
Fig 16, and curves after prestraining at 
different temperatures lower than the 
testing temperature are presented in 
Fig 17 to 19. For reasons of clarity the 
fundamental changes in the stress- 
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FIG 18—Effect of prestraining at —78°C on the flow characteristics at room temperature. 
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FIG 19—Effect of prestraining at —120°C on the flow characteristics at room temperature. 
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FIG 20—Schematic representation of the effect of prestraining at a high temperature on the 
flow characteristics at a lower temperature. 


strain curves are also schematically 
shown in Fig 20 and 21. According to 
these graphs, prestraining at a tem- 
perature different from that of testing 
results in a stress-strain curve dis- 
tinctly different from that obtained on 
straining at a constant temperature. 
These effects are in close qualitative 
agreement but possibly considerably 
smaller than those found in other 
metals. 

It can be seen from Fig 16 and 20 
that after prestraining at a relatively 
high temperature the yield strength at 
the low temperature is considerably 
reduced from the value that would have 
been obtained on straining at the low 
temperature. The subsequent rate of 
strain hardening, however, is larger 
after prestraining at the high tempera- 
ture. Consequently, further straining 
in testing progressively reduces these 
deviations both in flow stress and in 
strain hardening. Both effects in- 
crease with increasing prestrain. Con- 
sequently, the deviations of the flow 
characteristics after high temperature 
prestraining from those after straining 
at the testing temperature disappear at 
comparatively small testing strains, if 
the prestrains are small. 

According to Fig 17 to 19 and Fig 21, 
prestraining at a relatively low tem- 
perature causes effects diametrically 
opposite to those discussed above for 
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prestraining at a relatively high tem- 
perature. The yield strength is raised 
and the rate of strain hardening is 
reduced. * Generally, however, these 
deviations disappear rather rapidly on 
further straining. It should be expected, 
furthermore, that the discussed effects 
increase with increasing difference be- 
tween prestraining and testing tem- 
perature. The test results are not quite 
conclusive but, in general, in agreement 
with this expectation. 


Conclusions 


‘Based on the test data obtained on 
this silicon steel, certain conclusions 
can be drawn on the effect of straining 
a ferritic material at one temperature 
on the fracture and flow characteristics 
at some other temperature. 

As far as the fracturing characteristics 
after prestraining at a higher tempera- 
ture than the testing temperature are 
concerned, the phenomena observed in 
these tests are similar to those previ- 
ously reported for annealed steels. Pre- 


straining small amounts at room 


temperature caused the retained duc- 
tility values at a low testing tempera- 
ture to pass through a minimum when 


*,This particular effect may result in a yield 
point jog which is illustrated more clearly in the 
conventional stress-strain diagrams in Fig 22, 
for the same tests illustrated by Fig 18. 
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FIG 21—Schematic representation of the effect of prestraining at a low temperature on 
the flow characteristics at a high temperature. 


METALS TRANSACTIONS . . . 89 


L20 
. 0 
® ~78°C CONVENTIONAL 
g STRESS - STRAIN CURVE 
y 
N 
2 6a 4 - 
Ly 
® Q ™ 
N A SY pl 
ee N 
Y 60 | SSH) = al 
N ie BDO TLE CONPEN - < 
S STRESS -~ STRAIM — ~~ 
N TIONAL 
N COP KE SS 
N tO | + } 
N 
SQ | | 
20 + == 
=e 
a 
oO 20 Z) CO GO 


CONTRACTION JN APBRRA ~ PLR COKNT 


FIG 22—Effect of prestraining at —78°C on the conventional stress-strain charac- 
teristics at room temperature. 


determined as a function of prestrain. 
The test data presented here further 
indicated that the magnitude of this 
minimum decreased as the tempera- 
ture difference between the prestraining 
temperature and the testing tempera- 
ture was decreased. This behavior of 
cold worked annealed steels was tenta- 
tively correlated with the phenomenon 
of an uneven yielding illustrated by the 
yield jog in a tensile test. The correla- 
tion was based on the assumption that 
plastic flow apparently becomes in- 
creasingly uniform (at small strains) 
with decreasing testing temperature. 

At sufficiently large prestrains the 
retained ductility went through a 
maximum, after which it again de- 
creased at a rate such that the retained 
ductility did not become zero until the 
ductility was completely exhausted in 
prestraining. 

A few additional test data indicated 
that if cold worked material was tested 
at a low temperature at which the 
material was still ductile, the retained 
ductility at this temperature was found 
to be greater the greater the ductility 
under the conditions of prestraining. 
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The fracturing characteristics after 
prestraining at a low temperature and 
testing at room temperature appeared to 
obey a simpler law than that discussed 
above. It appeared that prestraining 
at any low temperature was no more 
harmful than the same magnitude of 
strain conducted at room temperature 
until the prestrain values were very 
close to failure, (Fig 15). 

The effects of prestraining at one 
temperature and testing at another tem- 
perature on the flow characteristics for 
this annealed steel appeared to con- 
form to the behavior of various other 
metals and alloys, which behavior was 
discussed in the Introduction. How- 
ever, the magnitude of the effects was 
distinctly smaller for this ferritic 
material (body-centered cubic) than 
for other metals which crystallize in the 
face-centered cubic lattice. This can be 
tentatively correlated with the stress- 
strain curves, the general appearance 
of which is less changed with tempera- 
ture for ferritic materials than for face- 
centered cubic metals. 

The above investigation only reveals 
a small portion of the laws which 


govern the mechanical properties of a 
ferrous metal subjected to straining, 
under conditions where the tempera- 
ture is not kept constant. So far, such 
practically important conditions have 
attracted little attention in the labora- 
tory. The present investigation has 
shown clearly that no predictions can 
be made from any tests carried out at a 
constant temperature on the per- 
formance of the same metal when the 
strain-temperature history varies in a 
more general manner. 
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Relation between Chromium 
and Carbon in Chromium 
Steel Refining 


D. C. HILTY,* Member AIME 


Introduction 


Ir has long been known that in 
melting high-chromium steels, some of 
the carbon might be oxidized out of 
the melt without excessive simul- 
taneous oxidation of chromium, and 
that higher temperatures favor reten- 
tion of chromium. The advent of 
oxygen injection as a tool for rapid 
decarburization of a steel bath permits 
significantly higher bath temperatures, 
and it was quickly recognized that the 
use of oxygen injection facilitated the 
oxidation of carbon to low levels in 
the presence of relatively high residual 
chromium contents. 

Up to the present time, however, 
specific data pertaining to the chro- 
mium-carbon-temperature relations in 
chromium steel refining have not been 
available. Individual steelmakers have 
evolved practices more or less empiric- 
ally, but there has been very little 
real basis for predicting how effective 
any given practice can be in permitting 
maximum oxidation of carbon with 
minimum loss of chromium. 


The current investigation, therefore, 


was undertaken in an effort to estab- 
lish the fundamental carbon-chromium 
relationship in molten iron under 
oxidizing conditions. As reported be- 
low, the equilibrium constant and the 
influence of temperature on that 
constant have been derived for the 
iron-chromium-carbon-oxygen reaction 
in the range of chromium steel com- 
positions with what appears to be a 
fair degree of precision. The practical 
application of the result will be 
obvious. 


Experimental Procedure 


The laboratory investigation was 
carried out on chromium steel heats 
melted in a magnesia crucible in a 
100-lb capacity induction furnace at 
the Union Carbide and Carbon Re- 
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search Laboratories. The charges for 
the heats consisted of Armco iron, 
low-carbon chromium metal, and high- 
carbon chromium metal, the relative 
proportions of which were calculated 
so that the various heats would con- 
tain from approximately 0.06 pct 
carbon and 8 pct chromium to 0.40 
pet carbon and 30 pct chromium at 
melt-down. When the charges were 
melted, the bath temperatures were 
raised to the desired level, and the 
heats were then decarburized by 
successive injections of oxygen at the 
slag-metal interface through a 1-in. 


diam silica tube at a pressure of 30 psi. 


The duration of the oxygen injections 
was from 30 sec to 2 min. at intervals 
of approximately 5 to 30 min. It did 
not appear that length or frequency 
of the injection periods had any signifi- 
cant effect on the results; consequently, 
no effort was made, to hold them 
constant and they were controlled 
only as was expedient to the general 
working of the heats. Between succes- 
sive injections, the heats were sampled 
by means of a copper suction-tube 
sampler that yields a sound, rapidly- 
solidified sample representative of the 
composition of the molten metal at 
the temperature of sampling. This 
sampling device is a modification of 
the one described by Taylor and 
Chipman. 

An attempt was made to vary bath 
temperatures between samples, but it 
quickly became evident that, unless 
the variations were small or unless the 
new temperature was maintained for 
a minimum of 15 min. during which 
an injection of oxygen was made in 
order to accelerate the reactions, a 
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very wide departure from equilibrium 
resulted. For most of the runs, there- 
fore, temperature was maintained 
relatively constant at approximately 
1750 or 1820°C. A few reliable observa- 
tions at other temperatures, however, 
were obtained. 


Temperature Measurement 


The high temperatures involved in 
this investigation were measured by 
the radiation method, utilizing a Ray- 
O-Tube focused on the closed end of 
a refractory tube immersed in the 
metal bath. The immersion tubes 
employed were high-purity alumina 
tubes specially prepared by the Tona- 
wanda Laboratory of The Linde Air 
Products Co. These tubes were quite 
sturdy under reasonable mechanical 
stress at high temperature. They were 
unusually resistant to thermal shock, 
and chemical attack on them by the 
melts was slow. With care, it was 
found possible to keep these tubes 
continuously immersed in a heat for 
as long as 5 hr at temperatures up to 
1850°C, before failure by fluxing 
occurred. 

The Ray-O-Tube—alumina tube as- 
semblage was similar to those supplied 
commercially for lower temperature 
applications. In operation, the alumina 
tube was slowly immersed in the 
molten metal to a depth of approxi- 
mately 5 in., and the device was then 
clamped solidly to a supporting jig 
where it remained for the duration 
of the run. A photograph of the equip- 
ment, in operation with Ray-O-Tube 
in place and oxygen injection in 
progress, is shown in Fig 1. 

When in position in a heat, the 
instrument was calibrated by means 
of an immersion thermocouple and 
an optical pyrometer. For calibration 
through the range of temperatures 
from 1500 to 1650°C, a platinum — 
platinum + 10 pet rhodium thermo- 
couple in a silica tube was immersed 
alongside the alumina tube. Output of 
the Ray-O-Tube in millivolts and the 


METALS TRANSACTIONS .. . 91 


FIG 1—Experimental setup employed. 


temperature indicated by the thermo- 
couple were plotted logarithmically. 
At the same time, the optical py- 
rometer was standardized against the 
thermocouple by removing the Ray-O- 
Tube from its holder and sighting the 
optical pyrometer on the end of the 
alumina tube. The calibration was 
then extended to temperatures above 
1650°C with the optical pyrometer. 

It was observed that the depth of 
immersion of the alumina tube had a 
definite effect on the calibration of the 
Ray-O-Tube. This was probably at 
least partially due to the fact that 
the Ray-O-Tube was equipped with a 
lens that covered too large a field for 
the diameter of the alumina tube; but 
since the Ray-O-Tube was calibrated 
for each individual run, and the cali- 
bration was checked during the course 
of the runs, possible error due to the 
depth of immersion effect is considered 
to have been minimized. 

A typical calibration curve is illus- 
trated in Fig 2. It is evident that a 
fairly accurate calibration was ob- 
tained. From this and the calibration 
curves for the other heats, it appeared 
that most of the temperature measure- 
ments were within + 10°C of the actual 
temperature. 
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Observations and Determi- 
nation of Equilibrium 
Constant 


The carbon and chromium contents 
and the temperatures of the samples 
obtained are listed in Table 1 and were 
plotted to give the equilibrium curves 
shown in Fig 3. 

The oxidation of carbon from a steel 
bath containing chromium is limited 
by the simultaneous oxidation of the 
chromium. Whether decarburization is 
carried out by ore additions or by 
injection of gaseous oxygen, the exygen 
content of the bath is limited by the 
formation of an oxide of chromium. Up 
to the present time, it has been as- 
sumed that this oxide is either Cr.O; or 
FeO:Cr.03, and that at one atmos- 
phere pressure of carbon monoxide the 
limiting reaction is 
Cr20; (solid) + 3C* = 2Cr* + 3COw) 

UI 
or FeO Cr-Os3 (solid) + 4C a 
= 2Cr + 4COi + Fe, [2] 


so that the equilibrium constant would 
be approximately defined as 
_ pet Cr? 
i pet C3 


[1a] 


* Conventionally, underlining of the symbols 
in a steelmaking reaction indicates that those 
substances are dissolved in the iron. 
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FIG 2—Typical Ray-O-Tube calibration curve. 
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FIG 3—Relation of chromium to carbon in molten chromium steel at constant temperature. 


Table 1. . . Carbon and Chromium 


Contents and Temperature 


Car- 
Heat Sam- pon 2 _ Pet Cr 
3 ‘er er = 
Cent | Cent Beate 
| 
ik 1711 | 0.26 | 17.19 | 6.62 X 101 
2 1750: | 0.22. | 17.19 |.8:19 X 102 
C-1 3 £765) 10-8 | 16.3% 19-63 5c 10! 
4 1802 | 0.12 | 15.79 | 1.31 X 10? 
5 1800 | 0.12 | 15.40 | 1.28 X 102 
ul 1724 | 0.15 | 10.42 | 6.96 X 10! 
= 1820 | 0.067] 9.94 | 1.48 xX 102 
3 1822 | 0.059} 9.86 | 1.67 X 102 
4 1826 | 0.058} 9.28 | 1.60 X 102 
C-2 5 1822 | 0.061} 8.90 | 1.46 X 102 
6 1822 | 0.053} 8.61 | 1.62 X 102 
vi 1822 | 0.055) 8.19 | 1.49 x 102 
8 1822 | 0.045] 7.83 | 1.74 X 102 
9 1822 | 0.046] 7.40 )1.61 X 102 
10 1822 | 0.044) 7.13 | 1.62 X 102 
11 1822 | 0.041} 6.72 | 1.64 X 10? 
) 1746 | 0.060} 6.12 | 1.02 X 102 
2 1748 | 0.060} 5.00 | 8.34 X 10! 
C-3 3 1750 | 6.050} 4.50 | 9.00 x 101 
4 1749 | 0.044; 4.09 | 9.28 xX 101 
5 1749 | 0.043) 3.85 | 8.96 X 10! 
if 1744 | 0.34 | 28.12 | 8.26 x 10! 
2 1747 | 0.34 | 27.74 | 8.16 X 101 
3 1751 | 0.32 | 27.33 | 8.54 X 10! 
C-4 4 1748 | 0.32 | 27.17 | 8.48 X 10! 
5 1748 | 0.31 | 26.45 | 8.52 X 10! 
6 1748 | 0.30 | 25.37 | 8.46 X 10! 
wg 1748 | 0.30 | 25.31 | 8.45 X 10! 
8 1752 | 0.29 | 24.60 | 8.48 X 10! 
9 1752 | 0.28 | 23.61 | 8.45 X 10! 
2 
pet Cr 
or i 2a 
2 pet C4 [ ] 


These assumptions, however, are not 
supported by the present experimental 
evidence. The slope of the curves in 
Fig 3 is approximately unity, a fact 
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which strongly indicates that the 
actual constant is expressed by the 
equation, 


_ pet Cr 
= “pet C Kal 
Equilibrium constants calculated 


according to Eq 3a are given in the last 
column of Table 1. It is evident that at 
constant temperature these K’s are 
truly constant well within the limits 
of experimental error. 

Two explanations for this departure 
from the previously accepted hypothe- 
sis described by reactions 1 or 2 are 
suggested. The first is that reactions 1 
or 2 do actually represent the equilib- 
rium involved, but that the activity of 
carbon dissolved in the melt is greatly 
reduced by the presence of chromium 
so that it is not proportional to the 
concentration. This, of course, is 
possible and is in accordance with the 
principles of classical thermodynamics; 
but it seems somewhat improbable in 
a system that is in reality very far 
from being saturated with chro- 
mium carbides, in view of the mag- 
nitude of the effect at moderate 
chromium concentrations. 

The second explanation presumes 
that the oxide of chromium directly 
involved is not Cr,O; but CrO, so that 


the reaction is 


CrO + C = Cr + COq), [3] 


the nonmetallic phase being saturated 
with CrO and the CO pressure being 
approximately one atmosphere. At the 
temperatures of the experiments, the 
postulation of chromium monoxide 
does not appear to be unreasonable; it 
has previously been employed by Chen 
and Chipman? to account for some of 
the discrepancies observed in a study 
of the iron-chromium-oxygen system; 
CrO was suggested by Clark? as the 
oxide of chromium formed during the - 
decarburization of chromium steel 
heats by magnetite ore; and according 
to Ko6rber and Oelsen,‘ chromous oxide 
is the chief oxide of chromium occurring 
in acid slags in contact with molten 
iron-chromium alloys. Moreover, reac- 
tion 3 fits the observations without any 
complications regarding the activities 
of carbon or chromium. It is, therefore, 
considered that reaction 3 and Eq 3a 
are the most probable representations 
of the limiting equilibrium in the re- 
fining of chromium steels. 


Effect of Temperature 


The equilibrium constants calcu- 
lated by Eq 3a were plotted logarith- 
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FIG 4—Effect of temperature on the equilibrium constant, K = 


mically against the reciprocal of the 
absolute temperature as illustrated in 
Fig 4. 
The equation of the resulting curve is 
calculated to be 
15,200 


Log K = — 5 + 9.46, [A] 


in which T is the absolute temperature 
in degrees Kelvin. 

If published® thermal data for the 
carbon-oxygen reaction and the solu- 
tion of chromium in molten iron be 
combined with the heat of reaction 3 
calculated from Eq 4, a value of 
—106,750 cal per g mol is obtained 
for the heat of formation of CrO from 
the elements. This heat of formation, 
of course, is subject to considerable 
uncertainty, but it appears to be quite 
reasonable; it is of the same order of 
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— 


| x 10 


T (deg. Kelvin) 


magnitude as the heat of formation of 
manganous oxide, MnO, as, presum- 
ably, it should be. Therefore, it seems 
to be additional evidence in support of 
the hypothesis stated by reaction 3. 

With Eq 4, the carbon-chromium 
relationship in liquid chromium steel 
under oxidizing conditions can be 
calculated for any temperature. This 
was done for what was believed to be 
the probable range of steelmaking 
temperatures as shown in Fig 5. For 
convenience, the temperatures appear- 
ing in Fig 5, and subsequently in this 
paper, have been converted to Fahren- 
heit scale in accordance with accepted 
commercial usage. 

Several random observations of 
chromium and carbon contents at the 
end of the oxidizing period in commer- 


/ 


Pct Cr 


Pct C 


cial arc-furnace heats were available 
and these were superimposed on the 
curves of Fig 5 in order to estimate the 
temperatures attained in commercial 
practice. Fig 6 illustrates the result. 

From Fig 6, it is evident that the 
heats refined by conventional oreing 
methods attained temperatures averag- 
ing approximately 3025°F. As would be 
expected, heats made by oxygen prac- 
tice were considerably hotter—large 
heats averaging 3275°F and small 
heats (less than 12 tons) about 3375°F. 
The maximum temperature appears to 
be on the order of 3400°F. In this con- 
nection, it is notable that in two of the 
heats, shown in Fig 6 as attaining 
temperatures close to 3400°F, serious 
damage to the furnace refractories 
occurred. 


FEBRUARY 1949 


Petes at 
Ka a 


EN NI 
XNA 


0.10 


Per Cent Carbon 


NTT 
NSSEL 


ae 


LENE ao IE NY 


ERED IRR Na ws 


Ree OY 


> |W Sea) Sea A 
SSIS NC SUB Sa 


ee Seth NOT faIN or NIT 
Deel Ges Enc ek eae ee Oa 


RNIN 
EN? 


Z) 


re) 
oO 
ow 
(eo) 
ro) 


ae 
Je 
BN 


AS 


DHE Se SERN Sa 


aeanh 
mee LS 


20.0 300 50.0 100.0 


Per Cent Ghromium 


FIG 5—Chromium-carbon relation in chromium steel refining. 


Conclusions 


The conclusions drawn from this in- 
vestigation are as follows: 

1. It has been found that at con- 
stant temperature the relation between 
carbon and chromium in chromium 
steel refining can be expressed by the 
equilibrium constant, 


K =! 


2. The probable reaction is believed 
to be: 
CrOvat.) + GC = Cr + COw 
3. The effect of temperature on the 
relation has been derived and may be 
defined by the equation: 


es, ae 
Log K = 


+ 9.46 
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The Densification of Copper Powder 
Compacts in Hydrogen and 


in Vacuum 
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Introduction 


Tue phenomenon of the change of 
volume of pressed powder compacts 
upon sintering is well known in the field 
of powder metallurgy. Depending upon 
the metal or metals involved and the 
pressure used in forming, a compact 
may, in the course of time of sintering 
at a given temperature, expand mono- 
tonically, contract monotonically, or 
first show a volume change of one sign 
followed by a change of the opposite 
sign. It is clearly desirable to have 
accurate knowledge of the magnitude 
and sign of the change in dimensions to 
be expected in any given case, both 
from the point of view of direct use- 
fulness in the fabrication of parts by 
powder metallurgy, and from the longer 
range viewpoint of elucidating the 
fundamental mechanism of metallic 
sintering. 

The present study was therefore 
undertaken as a first step in acquiring 
systematic and reasonably quantitative 
knowledge of the change in density of 
metal powder compacts during sinter- 
ing. For practical reasons, copper was 
selected as the material to be studied 
first, and its densification followed as a 
function of temperature and time of 
sintering in hydrogen and in vacuuni. 


Experimental Precedure 


The copper powder used was 
that designated by the manufacturer 
(Metals Disintegrating Co., Elizabeth, 
N. J.) as MD-151. This powder was 
sifted through Tyler standard screens 
to separate the fraction having particle 
size range between 200 mesh and 325 
mesh, and this fraction was used in all 
the subsequent work. Compacts weigh- 
ing about 10 g were then pressed in a 
1 in. diam round die, using a pressure of 
20,000 psi throughout. 
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Sintering was carried out in com- 
mercially built electric furnaces in 
which the resistance windings are so 
disposed as to produce a nearly uni- 
form temperature along the axis of the 
furnace for a length of about 18 in. 
centrally located. In order to be able to 
sinter in a controlled atmosphere, a 
2 in. stainless steel tubing was inserted 
in the furnace. Each end of the tube 
was cooled by a water jacket about 7 in. 
long, and closed with a rubber stopper. 
The hydrogen used for one series of 
specimens was purified as described in 
Ref. 1. For the other set, a pressure of 
about 0.5 mm Hg was maintained 
during sintering by a Welch Duo-Seal 
pump. 

The specimens were heated on square 
trays made of stainless steel. In placing 
specimens in the trays, a thin even 
layer of powdered aluminum oxide was 
first sprinkled on the bottom of the 
tray. A copper guard disk about half 
the thickness of the specimen was 
then placed in the tray and covered 
with a sécond layer of alumina. The 
actual specimen was then set on the 
guard disk, and a final coat of alumina 
sprinkled over the specimen. 

This technique was evolved for 
sintering the specimens in such a way 
as to reduce the influence of unknown 
extraneous factors to a minimum. If 
the specimen is placed directly on the 
tray and sintered, it is found that the 
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resulting shape is that of a frustum of a 
cone, rather than a section of a right 
circular cylinder, since friction with 
the tray prevents the bottom of the 
specimen from contracting at the same 
rate as the top. In the arrangement 
used in these experiments, the guard 
disk provided a support which shrank 
at the same rate as the specimen, and 
the alumina powder reduced to a mini- 
mum friction between guard disk and 
tray, and between specimen and guard 
disk. 

The procedure followed in sintering 
consisted of bringing the furnace to the 
required temperature, and then insert- 
ing the specimen into the central 
heated portion of the furnace tube in 
one of the two atmospheres used. At 
the end of the heating period, the speci- 
men was cooled by bringing it into a 
portion of the furnace surrounded by a 
water jacket. These manipulations 
were carried out without opening the 
furnace, by means of rods which were 
attached to the trays and operated 
through a sliding seal in the rubber 
stopper. 

The progress of densification of the 
copper compacts was studied at 1300, 
1400, 1500, 1600, 1700, and 1800°F. At 
each of these temperatures, a specimen 
was allowed to sinter for each of the 
following time intervals: 14, 1, 2, 4, 8, 
16, 32, and 64 hr. The thickness and 
diameter of each specimen were meas- 
ured with micrometers before and 
after sintering, and each was weighed 
on an analytical balance after sintering. 


Results 


The techniques described in the pre- 
ceding section were found to give satis- 
factory results. The specimens were 
not detectibly warped after sintering, 
and were usually of uniform diameter 
(that is, truly round) to within + 0.001 
in., a very few showing a variation in 
diameter of +0.002 in. All specimens 
were found to have the same diameter 
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FIG 1—Densification parameter vs. sintering time in hydrogen. 


before sintering (namely, 1.039 in.) as 
was to be expected, since all were 
pressed in the same die. It was not 
possible to maintain the same uni- 
formity in thickness, because of slight 
variations in the amount of powder 
weighed out, and because of friction 
in the die during pressing. However, 
the variation in thickness at various 
points on a given specimen did not 
exceed +0.004 in., and variations from 
one specimen to another were of 
no importance, since the change in 
dimensions of each was _ followed 
separately. 

From the measured values of mass, 
thickness, and diameter of each speci- 
men before and after sintering, the 
value of the “densification parameter” 
(defined and explained in the next 
section of this paper) was calculated. 
The values of this parameter are 
plotted as a function of time for the 
various temperatures used in Fig 1 
and 2. 


Discussion of Technique 


The method of cooling used may ap- 
pear inadequate in view of the precau- 
tions commonly taken in metallurgical 
work to obtain a very rapid quench. It 
must be remembered, however, that 
there is no question of retaining a high 
temperature structure in the experi- 
ments described in this report, and that 
the only reason for quenching is to 
define the time of sintering. The 
water-jacket cooling used certainly 
accomplishes this end with no greater 
error than that necessarily introduced 
at the start of sintering by the time 
required for the specimen to heat to the 
required. temperature, and possesses 
the great advantage of keeping the 
specimen flat and round. 
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The error introduced by filing the 
edges of the specimen also requires 
some consideration. In computing the 
density, the volume of each specimen 
was calculated from the measured 
thickness and diameter, assuming the 
specimen to be a right circular cylinder. 
Because of the chamfered edges, the 
calculated volume will obviously be 
larger than the true volume, and when 
used in conjunction with the true mass 
will give too low a value for the density. 
In order to estimate this error, several 
specimens were weighed before and 
after chamfering. It was found that the 
specimens which were filed lightly 
(duplicating conditions of the actual 
test specimens on which densification 
measurements were made) lost about 
0.5 pct of their mass, while a specimen 
which was deliberately filed much 
more heavily than any of those used in 
the actual tests lost about 1 pct of its 
mass. This error was therefore con- 
sidered negligible. 


Interpretation of Results 


Although the work described in this 
report was primarily undertaken as an 
investigation of the sintering of metals, 
it is important to note that the process 
actually observed is not one of pure 
sintering. When a powdered metal 
compact is heated, not only do the 
particles gradually bond together, but 
also the overall volume changes. In the 
case of the present work on copper, a 
monotonic shrinkage is observed, the 
porosity progressively decreasing and 
the voids becoming smaller and fewer. 
Evidently this process involves mecha- 
nisms other than those of sintering; for 
example, the overcoming of pressure 
in the voids due either to gas trapped 
during pressing, or to volatile impuri- 
ties present. For this reason, it is more 
accurate to refer to the progressive 
shrinkage of copper compacts studied 
in this work as “densification” rather 
than as “‘sintering,’’ since sintering is 
not the only process taking place. 


Nevertheless, it is possible to obtain 


information about sintering by this 
type of experiment, and it is moreover 
of practical importance to study sinter- 
ing under the conditions which exist in 
the case of powdered metals. 

The maximum density which a pow- 
der compact can attain is obviously 
that of the solid metal. This circum- 
stance provides a natural scale on 
which the progress of densification can 
be measured. By comparing the ob- 
served change in density with the maxi- 
mum possible change, a convenient 
dimensionless parameter is obtained, 
the value of which is initially zero and 
which becomes unity if the compact 
attains its maximum possible density. 
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FIG 2—Densification parameter vs. sintering time in vacuum. 
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FIG 3—Relation between time and reciprocal of temperature for various 
values of densification parameter; hydrogen sintering. 


Specifically, the “densification param- 
eter” o is defined as follows: 


mae P — Po (1] 
Po — Po 
where p = density after partial sinter- 
ing 
po = initial density (before sin- 
tering) 


Po = maximum possible density, 
that is, density of the solid 
metal. 

It is in terms of this parameter that 
the experimental results are plotted in 
Fig 3 and 4. 

The ultimate goal of the investiga- 
tion, of which the experiments de- 
scribed in this paper are the first step, 
is to elucidate the mechanism by which 
metals bond or sinter together as a 
result of the application of pressure and 
heat at temperatures below the melting 
point. Several hypotheses as to the 
nature of this mechanism have been 
advanced (see, for example, Ref. 2, 3, 
and 4). While no such fundamental 
theory is developed in this paper, it will 
be shown that the results of the experi- 
ments described may be given a simple 
interpretation which may serve as a 
useful guide to future theoretical and 
experimental investigations. 
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Briefly stated, it. appears possible 
that densification can be interpreted as 
a rate process such as that involved, 
for example, in chemical reactions. 
Such processes are characterized (see, 
for example, Ref. 5) by the fact that if a 
given state is attained in a time ¢, at 
absolute temperature 7, and in time 
te at some different absolute tempera- 
ture T., then these four quantities are 
connected by the relation 


Eee vor aie: 4 

oe (f) RGF) 2 
where R is the gas constant (1.99 cal 
per mol-°C), and the constant Q is the 
molal “‘heat of activation” or “‘activa- 
tion energy.’’ As applied to chemical 
reactions, for example, Q is propor- 
tional to the minimum energy which a 
molecule must have in order to take 


“part in the reaction (see Ref. 5 for 


details). In the present case, the 
progress of the densification ‘“‘reac- 
tion” is measured by the value of the 
parameter o. Consequently, to see 
whether densification may be regarded 
as a rate process, it is necessary to plot 
curves of constant o on a graph of log ¢ 
vs. 1/T, when, if the above relation is 
to be satisfied, straight lines must 


result. Fig 3 and 4 show curves of 
constant o plotted in this fashion with 
the best-fitting straight line drawn 
through each set of points for com- 
parison. These lines form an approxi- 
mately parallel set for each of the two 
sintering atmospheres used, the set 
representing sintering in vacuum havy- 
ing a larger slope than the set for 
sintering in hydrogen. The two slopes 
correspond to values of Q of about 
128,000 cal per mol for vacuum sinter- 
ing, and 80,000 cal per mol for hydro- 
gen sintering, corresponding to the fact 
(see Fig 1 and 2) that a given time and 
temperature produce a lower value of 
o in vacuum than in hydrogen. A possi- 
ble explanation of this result is that the 
hydrogen atmosphere cleans the oxide 
film from the surface of the particles by 
reduction, thus making it easier for 
the clean surfaces to bond together. 

It should be noted that there appears 
to be a systematic deviation of the 
points from the straight lines drawn in 
Fig 3 and 4, and that therefore the 
present results are certainly not con- 
clusive proof that densification is a rate 
process. It seems plausible, in fact, that 
densification is the result of superposi- 
tion of several more fundamental proc- 
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FIG 4—Relation between time and reciprocal of 


temperature for various values of densification param- 
eter; vacuum sintering. 


esses, each of which may be a rate 
process governed by a different energy 
of activation. The fact that the overall 
result may be approximately described 
as a single rate process would then 
~ seem to indicate that one of the funda- 
mental processes predominates over 
the others. 


Summary and Conclusions 


From the results of the experimental 
work described in this paper, it ap- 
pears that the densification of copper 
powder compacts in hydrogen and in 
vacuum may be approximately de- 
scribed as a rate process governed by 
a heat of activation. The agreement of 
such a description with the data, how- 
ever, is not sufficiently good to permit a 
definite assertion of its validity, and it 
is suggested only as an hypothesis 
which may be a useful guide to further 
work. 
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The fact that copper powder com- 
pacts densify more slowly in vacuum 
than in hydrogen indicates that the 
oxide film on the surface of the particles 
influences the rate of densification. 
Accordingly, the next step in the ex- 
perimental investigation will be to 
study the densification of compacts 
pressed from powder which has been 
cleaned of oxide by reduction in hydro- 
gen. It would also be very desirable to 
investigate the densification of com- 
pacts made from powder of more closely 
controlled particle size, and it is hoped 
that the practical difficulties involved 
in obtaining such powder may be over- 
come sufficiently to permit some work 
along this line. 
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Influence of Composition on the 
Stress-corrosion Cracking of 
Some Copper-base Alloys 
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SEASON-CRACKING is a type of failure 
of brass that results from the simul- 
taneous effect of stress and certain 
corrodants. The object of this paper is 
to present data that will aid in a more 
complete understanding of the mecha- 
nism of season-cracking and related 
phenomena. Results presented show 
that certain high copper alloys are 
susceptible to season-cracking or stress- 
corrosion cracking, and possible ex- 
planations are discussed. Starting at 
least, as far back as 1906, many papers 
have been devoted to this subject but 
the symposium! held in Philadelphia in 
1944 is the richest source of information. 

In order to study season-cracking, 
several of the many variables were 
held constant so as to learn the effects 
of others. Season-cracking is generally 
understood to refer to the corrosion 
cracking of brass having internal 
stresses;?:? it is a special case of the 
general stress-corrosion cracking. Inas- 
much as applied stresses are more 
readily produced and controlled, they 
were used exclusively in this research 
and the resulting phenomenon must be 
called stress-corrosion cracking.?:* Only 
constant tensile stresses were used. 
The agents believed to be most fre- 
quently responsible for season-cracking 
are ammonia, amines and compounds 
containing them. Both moisture and 
oxygen also appear to be necessary. 
Therefore, an atmosphere containing 
ammonia, water-vapor and air was 
selected for these tests. 

Briefly, the work consisted of expos- 
ing sheet metal specimens, having a 
reduced section 44 by 0.050 in., of 
copper-base alloys to the effect of 
static tensile stresses between 5,000 
and 20,000 psi and simultaneous con- 
tact with a continuously renewed 
atmosphere containing 80 pct air, 16 
pet ammonia and 4 pct water vapor at 
35°C. The gas mixture and the speci- 
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mens were maintained above the dew- 
point. The time-to-failure in minutes 
was the primary measure of results. In 
order to limit the experiment to finite 
time, it was considered that a specimen 
which had neither failed nor undergone 
microscopically detectable cracking in 
40,000 min. (4 weeks) while under a 
stress of 10,000 psi or more could be 
considered immune to cracking. This is 
merely a convenient limit and is not to 
be considered proof of immunity. Sup- 
plementary tests in the absence of 
stress using weight loss or microscopi- 
cal appearance as measures of attack 
were made. 


Apparatus 


The apparatus used in this research 
is shown in Fig 1. To facilitate the de- 
scription it may conveniently be di- 
vided into six parts: stress-producing 
units, test chamber, gas train, electrical 
controls, timers and gas analysis 
device. 

A stress-producing unit is shown in 
an exploded view at the left in Fig 2. 
At the right is an assembled unit with 
a specimen in place in the lower por- 
tion; it is this part that remains in the 
ammonia atmosphere during a test. 
The upper part contains a spring, a 
central threaded rod, a large nut and 
necessary washers, pins, and so forth. 
Stress is produced in the specimen by 
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screwing down the top nut against the 
spring, thus putting a tensile load on 
the central rod and so on the specimen. 
The wrench that turns the nut by 
extending through the upper cap, is 
seen at the upper right of the figure. 
The magnitude of the load is gauged by 
measuring from the pin that extends 
through the side of the tube, to a fixed 
point on the large flange. Measurement 
is made with a vernier beam caliper, 
shown at the right of the figure. The 
necessary spring compression to give a 
desired stress is calculated from the 
calibration curve of the spring and the 
dimensions of the specimen. 

The test chamber, center Fig 1, con- 
sists of a thermally insulated steel box 
32 in. long by 10 in. high by 7 in. wide. 
A horizontal baffle reaching nearly to 
each end divides the chamber equally. 
Below this baffle are inlets for air and 
ammonia, a heating coil and a fan. 
Thus the gases are warmed and mixed 
in the lower level and flow past the 
specimens in the upper level. A thermo- 
regulator and thermometer project 
into the upper space. The top is pierced 
by 12 ports flanked by 3 in. threaded 
studs. A test starts when a port is 
opened and a unit containing a stressed 
specimen is thrust through it and 
bolted down against a neoprene gasket. 
The test chamber is held at 35°C. 

The gas train, right rear Fig 1, carries 
ammonia and air continuously to the 
test chamber. Tank ammonia passes 
through two reducing valves, a needle 
valve, a flow meter and into the test 
chamber. The air from either the plant 
compressor or a small laboratory com- 
pressor passes through wool towers and 
flow controls to the flow-meter. It then 
bubbles through water at 34°C and 
through a heated line to the test 
chamber. 

Electrical controls, left rear, Fig 1, 
provide rectifiers and mercury relays 
for the test-chamber and humidifier- 
heating-control circuits and outlets for 
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Copper-antimony alloys containing 0- 

1.0 pet antimony 
Copper-silicon alloys containing 0-4 

pct silicon 
Copper-nickel alloys containing 0-30 

pct nickel 
Copper-aluminum alloys containing 

0-8 pct aluminum 

Analyses of these alloys are given in 
Table 1. 

The alloys were cast and rolled in the 
laboratory or obtained from mill pro- 
duction. When possible they were 
finished with a 50 pct reduction by 
cold rolling to 0.050 in. gauge. They 
were sheared to 3¢ in. by 5 in. and the 
reduced section filed by the use of a 
hardened-steel jig to 4 in. by 0.050 in. 
Holes were drilled near the ends. The 
specimens were then annealed, usually 
at 500°C for one hour. Annealing scale 
was removed by suitable pickles, usu- 
ally dilute nitric acid, but in every case 


FIG 1—Apparatus for stress-corrosion cracking in moist ammoniacal atmosphere. 


gas-line heaters, cover heater, fan and 
timers. 

Timers occupy the space in front of 
the test chamber. They comprise 12 
Veeder-Root counters operated by 
cams on a shaft driven by a 1 rpm 
Telechron motor. When a specimen 
breaks it releases a string which drops 
a weight stopping a counter. The life 
of that specimen in minutes is then 
directly available. 

Analysis of the gases contained in the 
test chamber is performed at the outlet 
at the right-hand end. The mixed gases 
are drawn through an absorption train. 
In the first absorber a known amount 
of sulphuric acid neutralizes and re- 
moves ammonia from the mixture. The 
moisture is then absorbed in the second 
tube, which contains silica gel. The 
volume of air remaining is measured 
with an aspirator. The gain in weight of 
both absorption tubes less the known 
weight of ammonia gives the weight of 
water. Both ammonia and water are 
recorded as ml per 500 ml of air, which 
is the volume per minute delivered to 
the chamber. 


Preparation of Specimens 


The following metals and alloys were 
tested: 
Oxygen-free high-conductivity copper 
Tough-pitch copper 
Copper-zinc alloys containing 0-40 pct 
zinc 
Copper-phosphorus alloys containing 
0-0.9 pct phosphorus 
Copper-arsenic alloys containing 0-1.2 
pct arsenic 
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FIG 2—Stress-producing unit. 
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Table 1... Analyses of Metals Tested 


Alloy Copper + Oxygen Sulphur 
No. Silver Pct Pct Pet 
1M 99 .962 0.0344 0.0016 
2M 99.950 0.038 0.003 
3M 99.982 0.000 
Tron 
4* 100.000 0.000 0.006 
5* Zinc 
6 99.861 0.12 0.006 
if 99,52 0.50 0.005 
8 99.02 0.98 0.004 
9 94.81 5.187 0.005 
10 89.99 10. 00+ 0.005 
11 79.89 20.01 0.005 
12 70.16 29.827 0.010 a 
13M 69.50 30.46 0.021 Lead{0. 016 
14 60.12 29.88 0.004 
Phosphorus 
15 99.996 0.001 0.006 
16 99.998 0.002 0.006 
17 99.998 0.004 0.006 
18 99.998 0.007 0.006 
19 99.992 0.014 0.006 
20 99.940 0.028 0.004 
21 99.942 0.056 0.004 
22 99.88 0.10 0.02 
23 99.78 0.24 0.01 
24 99.54 0.46 0.01 
25 99.07 0.93 0.01 
Arsenic 
26 99.935 0.052 0.001 
27 99.858 0.126 0.002 
28 99.792 0.19 0.02 
29 99.670 0.305 0,002 
30 99.592 0.36 0.004 
31 99.360 0.607 0.003 
32 98.743 V.22 0.004 
Table 1... (Continued) 
Copper + F 
Alloy 4 Antimony Iron 
No. Pet Pct Pct 
33 99.968 0.010 0.014 
34 99.889 0.109 0.004 
35 99.74 0.25 0.02 
36 99.52 0.47 0.01 
37 98.94 0.95 0.02 
Silicon 
38 99.86 OSE 0.03 
39 99.70 0.27 0.03 
40 99.48 0.46 0.02 
41 98.93 0.98 0.03 
42 97.97 aoe 0.02 
43 97.00 2.96 0.04 
44 96.07 3.92 0.04 
Nickel Manganese 
45 97.93 1.98 0.005 0.08 
46 95.17 4.78 0.005 0.077 
AT 90.00 9.84 0.005 0.21 
48 79.69 20.16 0.004 0.28 
49 69.28 30.06 0.005 0.64 
Aluminum 
50 99.897 0.09 0.007 
51 99.74 0.24 0.009 
52 99.53 0.51 0.010 
53 98.97 1.03 0.012 
54 98.00 1.98 0.012 
Zinc Nickel 
55M 94.94 4.85 0.06 0.10 0.05 
56M 92.00 7.96 0.04 0.0 0.00 
Phosphorus 
57 99.966 0.024 0.002 
58 99.961 0.024 0.006 
Zinc Tin Lead Arsenic 
59M 71.39 27.46 0.01 1.10 0.006 0.034 
60M 70.78 29. 20T 0.01 0.006 
Silicon Manganese 
61 97.48 1.44 0.04 1.06 
Zine 
62M 63.78 36.22} 


1 M Mill stock. All others cast and roiled in laboratory. 
* Chile cathode melted under charcoal. Spectrum shows lead, manganese and iron as traces. Micro- 


scope shows no cuprous oxide. 
+ By difference. 


the final dip was cold 20 pct sulphuric 
acid. After a thorough water rinse the 
specimens were dipped in alcohol and 
dried in a blast of hot air. After being 
measured, they were inserted in units 
and loaded to the desired stresses. The 
upper end of each specimen passed out 
of the test chamber and the opening 
around it was sealed with wax; the 
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_ lower end was held with a pin, which 


was also imbedded in wax to prevent 
attack of the specimen at this highly 
stressed point. Before exposure the 
whole unit, including the specimen, 
was warmed to prevent thermal con- 
densation. As each unit was lowered 
into the test chamber, the appropriate 
counter was started. 


Results 


COPPER 


Three types of substantially pure 
copper were subjected to stress-corro- 
sion in the moist ammoniacal atmos- 
phere without the occurrence of cracks. 
These were tough pitch, OFHC and 
copper prepared in the laboratory by 
melting Chile cathode copper under 
charcoal and pouring through city gas. 
The magnitude of applied stresses and 
the length of the exposures are given 
in Table 2. The column headed “ Pene- 
tration” describes the result of micro- 
scopical examination of a longitudinal 
section up to an exposed surface. In 
only one case had any localized corro- 
sion taken place, and in no case was 
there any evidence of cracking or inter- 
granular penetration. 


Table 2... Copper in Moist 
Ammoniacal Atmosphere Did Not 
Break Under Stress Within 
Time Indicated 


Al- . Pene- 
Stress | Time 
loy . tra- 
No. PSI | Min. tion 
Tough Pitch Copper| 1 5,000] 50,000) None 
Touch Pitch Copper | 1 | 10,000) 50,000; One Pit 
Tough Pitch Copper| 2 | 10,000} 40,000} None 
OFHC Copper.... - 3 | 10,000} 40,000) None 
Gopper’.... 523 eee 4 | 10,000} 40,000} None 
Copper (4 speci- 
miens)/ Hak ss es 5 | 15,000} 50,000) None 


COPPER-ZINC ALLOYS 


Results obtained from copper-zine 
alloys are presented graphically in Fig 
3. The breaking times of specimens 
stressed at 5,000, 10,000 and 15,000 psi 
are plotted against the zinc content in 
per cent. The corrosion rate in inch per 
year (ipy) is also plotted against zinc 
content. Corrosion rate figures were 
computed from weight loss data on 
specimens exposed without stress to the 
same moist ammoniacal atmosphere. It 
is obvious that the resistance to crack- 
ing decreases rapidly as the zinc con- 
tent increases. The corrosion rate, while 
relatively stable, does drop slightly 
with the cracking time, suggesting that 
the alloys which crack more rapidly 
are those that corrode less rapidly. 
Table 3 includes these data and also 
gives the microscopically observed 
intergranular penetration that occurred 
in the unstressed specimens. 

Two things should be noted espe- 
cially: the lack of correlation between 
cracking rate and corrosion rate, with 
the suggestion of negative correlation, 
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FIG 3—Copper-zinc alloys in moist ammoniacal atmosphere. Breaking time under various 
stresses vs. zinc content; corrosion rate, no stress, vs. zinc content. 


Table 3. . . Copper-zinc Alloys in Moist Ammoniacal Atmosphere 


Breaking Time under Stress 
Corrosion Rate and Intergranular Penetration in the Absence of Stress 


Breaking Time-minutes-at 
Alloy a ee nis popes 
Ne: Fe 5,000 10,000 15,000 we gpiEy 1 Week 
PSI PSI PSI 
4 00 40,0007 40,0007 40,0007 0.052 None 
6 0.12 40,0007 40,0007 
WE 0.50 40,0007 40,0007 40,000T 
3 0.98 40,0007 40,0007 40,000t 0.058 None 
9 5.18 40,0007 5,914 3,522 
10 10.03 24,070 973 157 0.042 3-4 
11 20.01 2,689 258 161 0.036 1-2 
12 29.82 254 102 0.032 * 
13 30.45 1,379 
14 39.88 943 232 106 0.030 1 
i LT 


* Several grains at only one region. 
+ Did not break. 
All samples annealed at 500°C for one hour. All metal cast and processed in the laboratory except 
13, which was cast and processed to 0.400 in. ga in the mill and finished in the laboratory. 


Table 4... . Copper-phosphorus 
Alloys in Moist Ammoniacal 


Atmosphere o 
Breaking Time under Stress = 
Corrosion Rate and Intergranular Penetration in > 
the Absence of Stress iw > 
a 
Breaking Penetra- (= L 
Al- Phos- Time at Gore | tion Yo 
dey Bho peo Rate~ Grains Zz ay 
OF ct in 
Min. aS 1 Week ¥ = 
WJ 
ee xo 
4 00 40,000* | 0.033 None a+ 
15 0.001 40,000* None (e} 
16 0.002 40,000* None ES 
ae 0.004 39,459 1-2 
18 0.006 18,417 4-5 
19 0.014 6,298 0.038 4-5 
20 0.028 642 0.027 4-8 
21 0.056 428 0.016 4-5 
22 0.10 274 6 
23 0.24 262 0.013 6 
24 0.46 314 0.030 3-4 
25 0.92 14,740 0.022 Slight 


* Did not break. 

All alloys cast and processed in the laboratory. 

All samples annealed finally at 500°C for 
1 hour. 
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and the occurrence of intergranula 
penetration in the absence of stress. 


COPPER-PHOSPHORUS ALLOYS 


Similar results are shown in Fig 4 
for copper-phosphorus alloys, although 
at only one applied stress, 10,000 psi. 
Comparison of Fig 4 with Fig 3 shows 
that the curves are similar in shape; the 
breaking time decreases sharply when 
either phosphorus or zinc is added to 
copper. An impressive difference is the 
extreme rapidity with which the 
breaking time drops as phosphorus is 
added. For instance, Table 4 gives 274 
min. as the breaking time for the 0.1 
pet phosphorus alloy (Alloy No. 22) 
under 10,000 psi stress in the moist 
ammoniacal atmosphere, while copper 
with no phosphorus does not break in 
50,000 min. even at higher stresses. 
Comparison with Table 3 shows that 
this 0.1 pet phosphorus alloy breaks 
nearly as rapidly as 80—20 brass under 
the same conditions. 

Table 4 also reveals the rapid attack 
of the moist ammoniacal atmosphere 
on annealed copper-phosphorus alloys 
without stress. A sample containing 
0.24 pct phosphorus (Alloy No. 23) 
was annealed at 800°C for one hour and 
exposed to the moist ammoniacal 
atmosphere without stress. After 40,000 
min. (1 month) it was found that the 
intergranular penetration had com- 
pletely penetrated the 0.050 in. gauge 
sheet. The specimen could be broken 
apart into individual grains with the 
fingers. Some of the grains are shown in 
Fig 5, a micrograph taken at 30X. Fig 
6 is a micrograph taken at 75X ofa 
piece of 0.1 pct phosphorus alloy (Alloy 
No. 22) that was annealed at 800°C 
and exposed without stress to the 
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FIG 4—Copper-phosphorus alloys in moist ammoniacal atmosphere. 
Breaking time under 10,000 psi stress vs. phosphorus content; corrosion 
rate, no stress, vs. phosphorus content. 
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moist ammoniacal atmosphere for one 
week. The depth of penetration is 
obvious. 

The results on the phosphorus alloys 
are extremely interesting. The addition 
of phosphorus to copper has a profound 
effect on the rapidity of stress-corrosion 
cracking and also on the rate of inter- 
granular penetration in moist am- 
moniacal atmosphere in the absence of 
stress. The effect cannot be explained 
by the removal of oxygen from the 
copper since OFHC and copper de- 
oxidized with some other elements do 
not crack. The changes in mechanical 
and physical properties are negligible 
except in the case of conductivity and 
the overall corrosion rate is but slightly 
affected. 

Alloy No. 25 (0.92 pct phosphorus) 
broke less rapidly than alloys with 
intermediate phosphorus contents; it 
is beyond the solid solubility limit of 
phosphorus in copper. This upswing 
will be observed in other alloy systems, 
to be described. 

In Fig 3 and 4, points are very close 
to the axes, but Tables 3 and 4 give the 
actual values that the points represent. 
No change in scale was adopted be- 
cause of the advantage of having all 
the graphs use the same vertical scale. 


COPPER-ARSENIC ALLOYS 


Stress-corrosion cracking and corro- 
sion rate curves from data on copper- 
arsenic alloys in moist ammoniacal 
atmosphere are shown in Fig 7. These 
curves are quite different from those 
presented for copper-phosphorus and 
copper-zinc in that there is a pro- 
nounced minimum in the cracking 
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FIG 7—Copper-arsenic alloys in moist ammoniacal atmosphere. Breaking time under 


FIG 5 and 6—Copper-phosphorus alloys after exposure to 
moist ammoniacal atmosphere. 

FIG 5 (Above)—Alloy No. 23, 0.24 pct phosphorus, 
40,000 min., 30 X. 

FIG 6 (Below)—Allloy No. 22 0.1 pct phosphorus, 10,000 
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various stresses vs. arsenic content; corrosion rate, no stress, vs. arsenic content. 
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CORROSION RATE IPY 


X. Potassium bichromate-sulphuric acid etch. 


curves at 0.2 pct arsenic and a maxi- 
mum in the corrosion-rate curve at 
0.05 pet arsenic. The 1.2 pct arsenic 
alloy is immune to cracking within the 
prescribed limits. Table 5 shows that 
intergranular penetration is apprecia- 
ble after four weeks in the lower arsenic 
alloys. The effect of arsenic content on 


Table 5. Copper-arsenic Alloys 


in Moist Ammoniacal Atmosphere 
Breaking Time under Stress 
Corrosion Rate and Intergranular Penetration 
in the Absence of Stress 


Breaking Time at 
Pene- 
Alloy Arse- Oae tration 
No. | nic 10,000 15,000 Rat Grains 
Pet | PSI PSI Ipy | .in4 
Min- Min- Weeks 
utes utes 
4 00 | 40,000} | 40,0004] 0.066 
26 |0.052| 27,609 12,342 0.113 | Several 
27 +|0.126| 2,674 1,899 0.043 | Several 
28 |0.19 1,417 1,093 
29 |0.305) 18,720 | 13,439 | 0.022 1 
30* 10.365] 16,905 16,484 
31 10.606) 38,842 27,339 0.035 None 
32 |1.225) 40 “000+ 40,000} | 0.062 | None 


* Cuprous oxide present. 

7, Did not break. 

All alloys cast and processed in the laboratory. 
specimens annealed finally at 500°C for 


1 hour. 
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Table 6 . . . Copper-antimony Alloys in Moist Ammoniacal Atmosphere 


Breaking Time under Stress 
Corrosion Rate and Intergranular Penetration in the Absence of Stress 


Breaking Time, Min. at 
Alloy Antimony Corrosion Fenetta tion 
t a ains i 
. 5,000 10,000 15,000 ore: 1 Week | 
PSI PSI PSI 
: A 00 40,000* 40,000* 40,000* 0.058 0 
33 0.01 40,000* 36,665 0.080 1-3 
34 0.109 T5012 6,882 2,894 0.160 5-7 
35 0.25 6,412 4,602 2,232 O37 10-12 
36 0.47 15,565 2,197 2,635 0.139 3-4 
37 0.95 21,997 Beae DPA LZ? 0.055 2-3 


* Did not break. 
All alloys cast and processed in the laboratory. 
All specimens annealed finally at 500°C for 1 hour. 
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phere. Breaking time under various stresses vs. antimony content; 
corrosion rate, no stress, vs. antimony content. 


50 


PY 


ee 
Nez Ter 


10) 1.0 20 30 4.0 
SILICON CONTENT % 


30 


BREAKING TIME-THOUSANDS OF MINUTES 
fe) 
@ 
CORROSION RATE 


FIG 9—Copper-silicon alloys in moist ammoniacal atmosphere. Breaking time under 
various stresses vs. silicon content; corrosion rate, no stress, vs. silicon content. 
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Table 7 . . . Copper-silicon Alloy 


in Moist Ammoniacal Atmosphere 
Breaking Time under Stress 
Corrosion Rate and Intergranular Penetration 
in the Absence of Stress 


Breaking Time, 


ae Min., at Corro- | Pene- 
Alloy | Sili- sion | tration 
No. | con Rate | Grains 
Pet IPY in 4 
10,000 | 15,000 Weeks 
PSI PSI 
4 0 40,000*) 40,000* | 0.052 None 
38 0.11) 23,340 | 13,201 0.072 2-3 
39 OF27 5,178 0.034 2-3 
40 | 0.46} 5,250 2,881 | 0.024 3-4 
41 0.97} 2,537 1,972 | 0.034 | Doubt- 
ful 
42 1.96} 15,735 6,280 | 0.047 
43 | 2.97) 49,000 | 28,005 |} 0.053 
44 | 3.91 50,000* | 0.082 None 


* Did not break. 

All alloys cast and processed in the laboratory. 

fine specimens annealed finally at 500°C for 
1 hour. 


cracking time is not nearly as pro- 
nounced as in the case of phosphorus 
and zine and it extends over only a 
very narrow range. 


COPPER-ANTIMONY ALLOYS 


Fig 8 gives the results for copper- 
antimony alloys. The minimum crack- 
ing time is greater than with the alloy 
systems previously considered. There 
is some evidence of a minimum in the 
antimony per cent versus cracking-time 
curve. There is a maximum in the cor- 
rosion-rate cutve. Intergranular pene- 
tration is shown by Table 6 to be 
appreciable in one week. : 


COPPER-SILICON ALLOYS 


Results are given in Fig 9. There is a 
distinct minimum cracking time at 1 
pet silicon, which is a higher per- 
centage than in the case of arsenic. 
Immunity appears at 4 pct silicon. The 
corrosion rate is fairly constant. Inter- 
granular penetration given in Table 7 
is definite but only after four weeks. 


COPPER-NICKEL ALLOYS 


Fig 10 gives test results. The mini- 
mum in the cracking time is pro- 
nounced but the required exposure is 
long. With this system, as with others, 
a maximum appears in the corrosion 
rate curve at a more dilute composition 
than the minimum in the breaking 
curve. At 30 pct nickel, the corrosion 
rate is very small; the samples were 
hardly tarnished at the end of a week. 
Table 8 shows that intergranular 
penetration is almost absent, but it 
does occur. 
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Table 8... Copper-nickel Alloys 


in Moist Ammoniacal Atmosphere 
Breaking Time under Stress ’ 
Corrosion Rate and Intergranular Penetration 
in the Absence of Stress 


| 
Break- | Cc Pene- | 
ing orro- : : 
Alloy | Nickel} Time, sion Cae Nee 
No. Pct | Min., at| Rate ar oC 
10,000 IPY Week 
PSI 
4 |00 40,000* | 0.043 None 500 
45 1.98 9,426 0.070 a) 500 
46 4.78 4,730 0.055 16 500 
47 9.84 9,552 0.046 None 700 
48 |20.16 | 13,527 0.029 None 700 
49 |30.06 | 40,000* | 0.0006) None 750 


* Did not break. r 
All samples cast and processed in the labora- 
tory. 


COPPER-ALUMINUM ALLOYS 


Fig 11 shows a minimum breaking 
time at 1 pet aluminum. The corrosion- 
rate curve is relatively constant with 
only a slight maximum. Intergranular 
penetration is small in one week as 
given in Table 9. 


OTHER TESTS 


In line with Dix’s* theories on the 
role of grain-boundary precipitates in 
rendering an alloy subject to stress- 
corrosion cracking, sone tests were 
made to try to show whether the 
effect is important in copper-phos- 
phorus alloys. About 0.5 pct phos- 
phorus is soluble in copper, but iron 
phosphide is believed’ to be only 
slightly soluble in copper.. Therefore, 
the attempt was made to precipitate 
iron phosphide and study its effect 
on cracking. Two alloys were cast; 
each contained 0.024 pct phosphorus. 
One contained 0.002 pct iron and the 
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FIG 10—Copper-nickel alloys in moist ammoniacal atmos- 
phere. Breaking time under 10,000 psi stress vs. nickel content; 
corrosion rate, no stress, vs. nickel content. 


other contained 0.006 pct iron (alloy 
Nos. 57 and 58). Thermal treatments 
were designed to produce precipitation 
in the grain bodies, in the grain bound- 
aries and to maintain solution. Micro- 
scopical examination of these speci- 
mens at 1000 diam revealed scattered 
spheres of some precipitate in all of 
them in about equal amount. The 
results of stress-corrosion cracking 
tests in moist ammonia vapor are 
given in Table 10. While there is 
apparently a trend indicating that 
metal treated to produce precipitation 
in the grain bodies is most resistant to 
cracking, followed by material with 
maximum solution and_ then that 
treated to produce grain-boundary pre- 
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Table 9 . . . Copper-aluminum Al- 
loys in Moist Ammoniacal 
Atmosphere 


Breaking Time under Stress é 
Corrosion Rate and Intergranular Penetration 
in the Absence of Stress 


d Pene- 
. Breaking | Corro . 
Alloy a Time at sion pee 
No. Pct 10,000 Rate in 1 
PSI Min. IPY Week 
4 00 40,0007 0.042 None 
50 0.09 40,0007 0.042 None 
51 0.24 40,0007 0.051 None 
52 0.51 25,583 0.043 1 
53 1.03 10,838 0.030 x 
54 1.98 13,323 0.040 None 
55* 4.85 50,0007 0.043 
56* 7.96 0.046 


All alloys cast and processed in the laboratory 
except 

* which were cut from annealed mill stock. 

All specimens annealed finally at 500°C for 
1 hour. 

+ Did not break. 
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FIG 11—Copper-aluminum alloys in moist ammoniacal atmosphere. Breaking time under 
10,000 psi stress vs. aluminum content; corrosion rate, no stress, vs. aluminum content. 


106 .. . METALS TRANSACTIONS 


FEBRUARY 1949 


Table 10 . . . Stress-corrosion Cracking of Copper Containing 0.024 Pct 
Phosphorus in Moist Ammoniacal Atmosphere 


Alloy Teor Ready-to- 2 Final B i 
No. Pet pee acal Cooling Bele d Anneal Cooling fopene: 
oC Min. 
Stressed at 5,000 PSI 
57 0.002 500 Air 50 4 i 
00 Air 
800 Quenched 50 400 | Air 2380 
a - 800 Quenched 50 800 | Quenched 3,136 
5 006 500 Air 50 400 | Air 5,049 
800 Quenched 50 400 | Air 2/244 
800 Quenched 50 800 Quenched 4,080 
Stressed at 10,000 PSI 
57 0.002 500 Air 50 400 | Air 
7 
800 Quenched 50 400 ‘| Air Volt 
> 800 Quenched 50 800 | Quenched 1,453 
0.006 500 Air 50 400 Air 1,649 
800 Quenched 50 400 | Air "821 
800 Quenched 50 800 Quenched 1,610 


ee a ee ee 


cipitation, there is no difference be- 
tween the alloy having 0.002 pct iron 
and the one containing 0.006 pct iron. 
The statistical procedure, analysis of 
variance, has been applied to these 
data and the conclusion is reached that 
no significant difference exists among 
them. Either the thermal treatment 
produced no precipitation, or the sub- 
microscopic precipitate had no large 
effect on the breaking time. 

Another experiment was performed 
to show the effect of long-time anneals 
on the stress-corrosion cracking rate. 
The results are given in Table 11. The 
alloy contained 0.1 pct phosphorus, 
balance copper (alloy No. 22). Four 
samples were annealed at 500°C for 
one hour and in addition two of them 
were held for 64 hr at 350°C. While the 
long anneal produced a somewhat 
shorter cracking time, the difference is 
not significant in the face of the varia- 
tion among supposedly identical speci- 
mens. At 1000 diam these samples also 
showed tiny, randomly distributed 
spheres of precipitate, the number of 
which was not greatly affected by the 
low temperature anneal. It is believed 
that such material has not been ab- 
sorbed from segregation occurring in 
the casting, because of the relatively 
small amount of working and annealing 
of small laboratory castings. More 
work should be done in connection 
with the effect of heat treatment on the 
stress-corrosion cracking of this type of 
alloy. 


PATH OF CRACKS 


Although ammonia cracking in brass 
is usually largely intergranular, there 
are exceptions in alpha brass as well as 
in other alloys. Fig 12 at 500 diam 


FEBRUARY 1949 


shows typical intergranular cracking in 
}g in. diam 70-30 brass rod (alloy No. 
60) that failed under 5,000 psi in moist 
ammoniacal atmosphere. Radically dif- 
ferent is Fig 13 at 500 diam, which 
shows cracking in arsenical admiralty 
(alloy No. 59) after the same prepara- 


tion and exposure as the brass. It is 


difficult to find cracks that are inter- 
granular in this micrograph. The 70-30 
brass was annealed at 500°C and the 
admiralty brass at 550°C for one hour. 
Similar transcrystalline cracking has 
been observed in arsenical and non- 
arsenical admiralty and aluminum 
brass. Fig 14 is a micrograph at 250 
diam of a 65-35 brass gear (alloy No. 
62) that was sheared from % in. 
wrought stock and then exposed to 
moist ammoniacal atmosphere for 48 
hr. The cracks have a strong tendency 
to pass through the grains. 

Fig 15 taken at 500 diam shows 
cracks in an alloy containing 1.5 pct 
silicon, 1 pet manganese (alloy No. 61) 
which failed under 20,000 psi stress in 
moist ammoniacal atmosphere. Cracks, 
besides being intergranular, have a 
tendency to follow twin boundaries, or 
slip planes. 


Diseussion of Results 


In 1930, Bassett® stated that he had 
seen copper season-crack, while in 
1944. Edmunds’ reported that copper is 
immune to mercury and ammonia 
stress-cracking. These statements are 
not necessarily contradictory. Bassett 
referred to service failures of copper 
tubes, which are usually deoxidized 
with phosphorus. Such failures are not 
frequent but the authors have observed 
a number of them. One such tube is 


Table 11... Effect of Heat-treat- 
ment on the Season-cracking of 
Copper Containing 0.1 Pct 
Phosphorus in Moist 
Ammoniacal Atmosphere 


Alloy No. 22 
500°C Anneal 
500°C Followed by 
Anneal 64 Hr at 
350°C 
Breaking time........ 491 316 
Under 10,000 psi...... 299 286 
AVerage.\<%\.00 eee 395 301 


shown in Fig 16. It is a 114 in. od by 
0.082 in. ga wall, hard copper tube 
containing 0.019 pct phosphorus. In 
service, presumably a_ refrigeration 
plant, it was wrapped in tar paper, 
twine and two layers of hair felt. The 


line of the edge of the tar paper is 


shown as a helical row of pits, and the 
cracks are obvious. The present paper 
indicates that phosphorus-deoxidized 
copper cracks readily under the test 
conditions. Presumably the paucity of 


“service failures of phosphorus-deoxi- 


dized copper is due to the low yield 
point of copper, which makes the 
occurrence of high internal stresses 
impossible. The authors have found no 
evidence that tough pitch or OFHC 
copper is subject to season-cracking or 
to stress-corrosion cracking in moist am- 
moniacal atmosphere and they there- 
fore agree with Edmunds’s statement. 

As mentioned above, Dix! suggested 
that season-cracking is due to corrosion 
that is accelerated by the potential 
between grain boundaries and grain 
bodies and that this difference is caused 
by the precipitation of an insoluble 
phase at the grain boundaries and the 
depletion of the solute atoms surround- 
ing the grain boundary. There seems 
to be no evidence to support the 
existence of a precipitated phase in 
brass. Nor is there evidence of a change 
in the breaking time curve when the 
solid solubility of zinc in copper is 
exceeded. Read, Reed and Rosenthal’ 
attribute this potential difference rather 
to the high free energy of regions of 
lattice imperfection such as grain 
boundaries. 

The behavior of phosphorus-deoxi- 
dized copper described in the present 
paper suggested that these theories be 
reconsidered. It will be recalled that 
0.1 pet phosphorus is sufficient to allow 
rapid cracking of copper with which it 
is alloyed. Further, this alloy is subject 
to quite rapid intergranular corrosion. 
in moist ammonia vapor in the ab- 
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sence of stress either internal or ex- 
ternal. Thus grain boundaries are open 
avenues for corrosion by moist am- 
monia vapor when a little phosphorus 
is present, but they are closed to traffic 
when only copper is present. This 
behavior suggests to the authors that 
phosphorus is concentrated at the 
grain boundaries and whether within 
or beyond the solid solubility limit, the 
alloy in this region is anodic to the 
higher-copper grain-bodies. This po- 
tential may be the result of lattice dis- 
location; not that caused by the 
abutting of adjacent differently-ori- 
ented grains at the boundaries but 
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FIG 12 to 15—Types of ammonia cracking. 
Fig 12—70-30 brass, alloy No. 60, 5,000 psi stress, 500 X. 
Fig 13—Arsenical admiralty, alloy 59, 5,000 psi stress, 500 X. 
Fig 14—65-35 brass gear, alloy 62, internal stress, 250 X. 
Fig 15—Copper-silicon-manganese, alloy No. 61, 20,000 psi stress, 500 X. 
Etchants: Fig 12 and 14—Ammonium hydroxide and hydrogen peroxide. 
Fig 13 and 15—Potassium bichromate and sulphuric acid. 


rather distortion around solute atoms 
of phosphorus. Such distortion is one 
of the causes for the large effect 
phosphorus has on the conductivity of 
copper. 

The behavior of this alloy, if it be 
typical of season-cracking in general, 
allows some other conclusions to be 
drawn. Since intergranular penetration 
occurs in the absence of stress, it ap- 
pears that stress merely accelerates the 
corrosive action of the ammonia, keep- 
ing the crack open and a fresh notch 
available for its action. Another possi- 
bility is the formation of protective 
films. It is conceivable that such 


films would form first on the ex- 
posed surfaces of the grain bodies, 
leaving the boundaries highly anodic. 
In more concentrated alloys the film 
might cover the whole surface and 
stifle boundary attack. In all the 
systems studied, except copper-zinc, up 
to 40 pct zinc, there is at least an indi- 
cation that the cracking rate decreases 
as the per cent of alloying element is 
increased. 

The presence of 0.1 pet phosphorus 
in copper changes the mechanical 
properties only negligibly and it is 
impossible to correlate the cracking 
tendency with yield strength, propor- 
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FIG 16—1 4 in. od by 0.082 in. gauge hard copper tube containing 0.019 pct phosphorus. 
Cracked in service. 


tional limit or the like. 

It should be emphasized that these 
tests cannot be used as a basis for pre- 
dicting service failures by season- 
cracking. The failures were produced 
under artificial laboratory conditions 
and_-should not arouse fears that 
phosphorized or arsenical copper tubes 
will crack in service except in rare 
instances. 


Summary 


These tests show that the addition 
of zinc, phosphorus, arsenic, antimony, 
silicon, nickel or aluminum to copper 
forms alloys that are subject to stress- 
corrosion cracking in moist ammoniacal 
atmosphere in some composition ranges. 

The product of the cracking time 
and the per cent of the added element 
is an inverse measure of the cracking 
tendency per one per cent. From these 
figures the alloying elements may be 
formed into a rank of decreasing unit 
racking tendency. This order follows: 
phosphorus, arsenic, antimony, silicon, 
zinc, aluminum, nickel. Brass cracks 
more rapidly than any of the other 
systems mentioned; but zinc is low on 
the list because so much of it must be 
added to give a rapid cracking rate. 

Another observation is the appear- 
ance of a minimum in the per cent of 
alloying element versus breaking-time 
curve. This minimum breaking time 
is distinct in copper-nickel, cop- 
per-silicon, copper-arsenic, and cop- 
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per-aluminum systems; is indicated in 
copper-antimony and copper-phospho- 
rus and is absent in copper-zinc. 


The curves relating per cent of 


added element to corrosion rate in the 
absence of stress have a maximum in 
all systems for one of the more dilute 
alloys. This maximum is distinct in the 
copper-arsenic and copper-antimony 
systems and fairly distinct in copper- 
nickel, but only slight in the others. 
The same three, copper-arsenic, copper- 
antimony and copper-nickel, may be 
said to exhibit positive correlation be- 
tween cracking tendency and corrosion 
rate. 

Intergranular penetration in the ab- 
sence of stress in moist ammoniacal 
atmosphere places the elements in the 
following rank in order of decreasing 
penetration: phosphorus, antimony, 
zinc, arsenic, silicon, aluminum, nickel. 
The extent of this phenomenon is very 
greatly dependent on grain size and the 
rank is subject to so many variables, 
that it may be assumed to be nearly 
enough like the breaking-time rank to 
support the belief of a common cause. 


Conelusion 


The data presented are insufficient 
for a concrete conclusion, but the fol- 
lowing are offered for consideration: 

The addition of a soluble element to 
copper produces a concentration of the 
solute at grain boundaries. This concen- 


tration either forms a submicroscopic 
precipitate, a richer solid solution, or 
lattice disturbances. Any of these con- 
ditions makes the grain boundary 
region anodic to the grain bodies. 
Localized corrosion is accelerated and 
grain boundary penetration ensues. 
The presence of a tensile stress still 
further accelerates penetration by 
opening cracks and forming highly 
stressed notches. 

Work is being continued on this 
research. 
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Cadmium Recovery Practice in 
Lead Smelting 
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P. C. FEDDERSEN,* Member AIME, and HAROLD E. LEE* 


Introductory Review 


GREENOCKITE is the only known cad- 
mium mineral of importance. It occurs 
rather universally, in minor concentra- 
tions, as a secondary mineral in 
sphalerite deposits. The world’s cad- 
mium output is obtained through the 
processing of metallurgical by-products, 
largely from the treatment of residues 
from electrolytic zinc, retort zinc and 
lithopone plants. These sources are 
supplemented by the processing of 
fumes from lead and copper smelting 
operations. The development of modern 
selective flotation practice in the 
decade 1920-1930, which permitted the 
economical mining of complex lead- 
zinc ores, resulted in significant in- 
creases in the quantities of cadmium 
entering lead smelting systems. 

Being closely related to zinc as to 
occurrence, properties and production, 
most detailed description of cadmium 
recovery methods are to be found 
recorded in connection with zinc 
metallurgy. Other than _ occasional 
articles pertaining to particular opera- 
tional procedures, literature offers but 
little in the nature of a balanced sur- 
vey of lead smelter cadmium recovery 
practices. While many of the basic 
operations described for the recovery of 
cadmium from zinc by-products are 
applicable to the treatment of lead 
plant products, the inherent problems 
involved differ widely. In general the 
cadmium content of related by-prod- 
ucts from routine lead smelting opera- 
tions is present in lower concentrations, 
exists in a less soluble state and is 
associated with both a greater quantity 
and a greater variety of detrimental 
impurities. To cope with these prob- 
lems, lead smelter practices are found 
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to follow the general outline: 


Preparatory Processing 


1. Concentration operations 
2. Sulphation operations 


Cadmium Plant Processing 
. Leaching operations 
. Purification operations 
. Sponge precipitation operations 
. Metal recovery operations 
. Refining and casting operations 
As in the case of related zinc plant 
operations, cadmium recovery prac- 
tices at lead smelters are not standard- 
ized. They not only vary as to type, 
but also extent. Depending upon pre- 
vailing conditions, lead smelter cad- 
mium operations range from simple 
concentration campaigns, for the pur- 
pose of sufficiently ‘‘up-grading”’ prod- 
ucts for shipment elsewhere, to complete 
processing steps for the production of 
refined metal. 


nk Wh 


Preparatory Processing 


The cadmium content of lead smelter 
receipts is low and, as a rule, propor- 
tionate to the zinc content; the usual 
range of cadmium contained being of 
the order of 0.01—0.05 pct. Were it not 
for the low boiling point of cadmium, 
such small concentrations would, no 
doubt, be lost in the large tonnages of 
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1949. 
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* General Superintendent and Met- 
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1 References are at the end of the 


paper. 


slag, metal and other smelter end 
products. However, the ready volatility 
of cadmium and its compounds at pre- 
vailing lead smelting temperatures 
results in its concentration in fractional 
portions of fume collected. This col- 
lected fume comprises a circulating load 
within the smelter system. 

Thus, the cadmium content of blast 
furnace fume* increases with each suc- 
cessive circulation until an equilibrium 
value is reached when the sum of the 
cadmium losses, due to handling and 
in slag, waste gases and other end 
products, becomes equal to the intake 
as ore. With ore receipts averaging, say 
0.03 pet cadmium, the concentration 
value obtainable, through fume circu- 
lation in a routine manner, approaches 
10-12 pct. In such operations, cadmium 
concentrations in blast furnace fume of 
from 3-5 pct are readily attainable. 
However, the concentration gain be- 
yond this range, with each additional 
circulation, is progressively decreased 
as a result of mounting losses occurring 
through handling and in end products. 
Therefore, to avoid excessive cadmium 
loss and to enhance the ultimate con- 
centration attainable, it is customary 
practice to isolate blast furnace fume at 
some intermediate cadmium content 
for special concentration procedure. 

The most common type cadmium 
concentration ‘“‘campaign” involves 
special smelting operations wherein a 
relatively high portion of blast furnace 
fume at 3-6 pct cadmium is incorpo- 
rated into the sinter charge. This type 
practice is roughly illustrated by the 
diagram on p. 111. 

Cadmium fume collected from lead 
blast furnace operations is not amen- 


_ * The relatively low temperature and contact 
time which prevails during sintering operations 
is not conducive to cadmium volatilization. Prac- 
tically all cadmium elimination occurs during 
blast furnace smelting operations. 
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Blast furnace fume is circulated in routine manner 
until a concentration of 3-6 pct Cd is reached. It 
is then removed in approximately 250-ton batches. 


Approx. 8,200 tons 


Ore, Fluxes 


Sintering Machines 


By-Products 


Dust & Fume r 


(very little cadmium fumed) 


| 


4 


Blast Furnace 


Coke & Misc. 


Ingredients 


Approx. 60 tons fume to 
Baghouse at 15-25 pct Cd. 


Bullion to Drossing and Refining 
—_- 


| Cadmium Recovery Operations | 


able to direct acid leaching. The cad- 
mium contained is only partially 
soluble and the fume possesses a sort of 
“buffer” action which often limits the 
concentration of dissolved cadmium 
attainable. It is general practice in the 
processing of blast furnace fume to 
“precondition” by pugging with large 
portions of concentrated sulphuric acid, 
followed by heat treatment for elon- 
gated periods. While this sulphation 
step effects a high degree of solubility 
and greatly aids in impurity control, 
the attendant acid requirement is high 
and the physical aspects of the opera- 
tion are not too desirable. At Kellogg, 
where acid is expensive, the Bunker 
Hill Smelter developed an alternative 
concentration procedure whereby a 
product of high cadmium concentra- 
tion, amenable to direct acid leaching, 
is obtained by the fusion of blast fur- 
nace fume with silica. 

In the fusion process, as in the more 
common method described above, 
blast furnace fume is circulated in the 
regular lead smelting system until a 
cadmium concentration of 4-6 pct is 
reached. It is then removed, mixed 
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with a siliceous flux and fused in a 
special reverberatory operation. Dur- 
ing the fusion, the bulk of the cadmium 
is distilled and the bulk of the lead 
retained as a silicate slag. Lead silicate 
slag is tapped and returned to the blast 
furnace; the cadmium fume is bag 
filtered, then sacked for delivery to a 
cadmium leach plant. In reverberatory 
melting, the grade of cadmium fume 
produced is limited by the necessity of 
excessive temperature in the upper 
bath layer. However, by limiting the 
proportion of silica used, and with 
reasonable care to avoid over-firing, 
blast furnace fume of 4-6 pct cadmium 
content may be raised to a product of 
30 pct grade.* 

At this point in our presentation 
of cadmium recovery procedures, it 
should be stated that descriptive terms 
such as ‘“‘common,”’ “customary,” and 
so forth, are only used in their most 
limited sense; departures from the 


* In experimental tests under closely controlled 
temperature conditions such as are readily 
attainable in an electric furnace, cadmium fume 
of 60 pet grade has been produced from blast 
furnace fume containing 6—8 pct cadmium. 


practices featured are many. Some of 
these diversions are itemized below: 


TRAIL SMELTER—CONSOLIDATED 
MINING AND SMELTING CO. OF 
CANADA, LTD., TRAIL, B. C. 


Cadmium-bearing fume from routine 
lead smelting operations, of 3-5 pct Cd. 
grade, is periodically forwarded to the 
zinc oxide leach plant and processed in 
conjunction with zinc fume from slag 
treatment operations. The insoluble 
lead-rich residue is subsequently re- 
turned to the lead smelting circuit. 


FEDERAL PLANT—AMERICAN 
SMELTING AND REFINING CO. 
ALTON, ILL. 


Up until 1941, at least, no special 
concentration campaigns were utilized. 
Blast furnace fume at about 5 pct 
cadmium was sulphated directly with 
concentrated sulphuric acid in prepara- 
tion for subsequent leaching. 

Some of the American Smelting and 
Refining Co. plants no doubt, practice 
cadmium concentration in accordance 
with an assigned patent? granted to R. 
Teats in 1930. This patent specifies the 
treating of a finely divided mixture of 
lead fluedust, carbonaceous material 
and limestone at 825-850°C to boil off 
cadmium which is oxidized and col- 
lected. The limestone, it is claimed, 
hinders the volatilization of lead and 
zinc. 


PORT PIRIE WORKS—BROKEN 
HILL ASSOCIATED PTY., LTD., 
PORT PIRIE, AUSTRALIA! 


Blast furnace fume from routine lead 
smelting operations is continuously ad- 
vanced to a central sump and agitated 
with water for the solution of fractional 
portions of the cadmium present. The 
pulp is then subjected to vacuum filtra- 
tion, giving two products: (1) Residue, 
which is returned to the blast furnace 
and (2) Filtrate, which is treated with 
sodium carbonate for the precipitation 
of dissolved cadmium. The cadmium 
carbonate precipitate is filtered, dried 
and shipped to the Electrolytic Zinc 
Co. of Australasia, Ltd., at Risdon. 


Survey of Cadmium 
Production 
Methods at Lead Smelters 


As already indicated, lead smelter 
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Table 1. . . Outline of Representative Processes for the Production of Cadmium from Lead Smelter Fume 


Plant and Location 


U.S. Smelting, Refining and Mining 
Co. Midvale, Utah 


St. Joseph Lead Co. 
Herculaneum, Mo. 


Bunker Hill and Sullivan Mining and 
Conct. Co., Kellogg, Idaho 


Preparatory processing 
Concentration 


Sulphation 


Cadmium plant processing 
Leach 
Purification 


Sponge precipitation 


Metal recovery 


Refining and casting 


Grade metal produced 
Copper 
Lead 
Tron 
Zinc 
Thallium 
Antimony, arsenic 
Cadmium 


Blast furnace fume is circulated in rou- 
tine manner until reaching cadmium 
content of 3-6 pct. It is then removed 
and incorporated in relatively high 
proportions in sinter charge. Blast fur- 
nace smelting of resultant sinter gives 
a fume product containing 15-25 pct 
cadmium 


Similar to Midvale practice 


Blast furnace fume is removed from 


regular circuit at 4-6 pct Cd., then 
mixed with siliceous flux and fused in 
a reverberatory furnace. Furnace prod- 
ucts consist of lead silicate slag (re- 
turned to blast furnace) and cadmium 
fume at 25-30 pct Cd. 


Above fume is pugged with 60° Be 
H2SO. in batches (4001b acid per 800 
lb fume). After digestion period mix- 
ture is charged to furnace and baked 
24 hr at low red heat, discharged, 
cooled and dry ground to 20-mesh ina 
3 ft ball mill. 


Fume at about 20 pct Cd. Pugged in 
batches with about 210 lb, 60° Be 
H2SO4 per 500 Ib fume. Mixture is 
charged in 2,000 lb batches to a pan 
mounted on wheels. Charged pan is 
rolled on tracks into furnace and baked 
(no rabbling) for 8 hr at 850°F, then 
discharged, cooled and broken, and 
pulverized to —100 mesh. 


None 


Joint leach and purification practiced. 
Minus 20-mesh sulphated product is 
leached with spent electrolyte for 2 hr 
in a 4 X 8 ft Pachuca tank. Na:S is 
added to ppt, Cu and final slurry is 
neutralized with hydrated lime, then 
filtered and washed in a 2-ft sq. Shriver 
press. Washed cake is returned to lead 
smelting circuit. 


Pulverized sulphated product is leached 
in a mechanical agitated, 2,000 gal 
capacity steel tank with wash water 
from previous filter operations, then 
filtered and washed in 3-ft sq. Shriver 
press. Washed cake returned to lead 
circuit. Filtrate is treated with a 
limited quantity of zinc dust for ppt. of 
Cu and then passed through a clarifier. 


Joint leach and purification practiced. 


Concentrated fume is subjected to a 
direct dilute H2SO: leach, 800 lb H2SO: 
being consumed per 6,000 lb of 27 pet 
cadmium fume. Fe, Sb, As, etc., purifi- 
cation effected by the addition of 
copperas and oxidizer in conjunction 
with pH control. Slurry is filtered and 
washed in a 65 cf capacity Shriver press. 
Washed cake is returned to lead smelt- 
ing circuit. 


None 


Pregnant cadmium solution at 120 gpl 
electrolyzed down to 35 gpl in a cas- 
cade, side circulation, cell circuit. Five 
aluminum cathodes and six durion 
anodes used in each of 10-30 in. sq. X 
40 in. deep California redwood cells. 
Cathode trees removed each shift, 
cathodes stripped each 24 hr 78-80 pct 
Ce at 12 amp per sq ft. Plant capacity = 
450 lb cathode cadmium per day. 


Pregnant Cd filtrate is drawn from stor- 
age tanks through two4 ft XK 214 ft 
30 ft deposition tanks—each tank 
containing 96 — 21 X 12 X 2in. plates. 
Cadmium ppt. as metallic sponge on 
zinc plate surfaces. Sponge is removed 
from tank, dewatered by a rough initial 
press, then briquetted at high pressure 
into 8in. diam X 1 in. thick cakes which 
are stored under kerosene. 


Pregnant solution is drawn from storage 


tanks in 800 gal batches to a conical- 
bottomed, high-speed agitation tank. 
The solution is acidified and treated 
with zinc dust for Cd sponge pre- 
cipitation. Initial sponge washing is 
carried out by decantation and the final 
dewatering and wash ina Shriver press. 
Cd sponge is briquetted directly with a 
Stokes machine. 


Cadmium briquettes retorted. Graphite 
bottles and cast iron condensers used. 
3 retorts utilized per 2,000 lb Cd per 
day. 12 hr retorting time consumed per 
500 lb charge. 


Cadmium briquettes are retorted, using 


similar bottles and condensers as em- 
ployed at Herculaneum plant. Four 
retorts are used per 1,500 lb of cadmium 
per day. Retorting time per 600 lb 
charge variable, depending upon life of 
bottle and grade of briquettes. Retort 
residue returned to leach. 


No additional refining practiced. Cath- 
odes are rolled and rough melted under 
cylinder oil and cast into bars. These 
bars are then melted under a light 
caustic cover for casting into shapes 
for market. 


Crude retort metal is subjected to two 
treatments; the first with ZNCl2 for the 
removal of thallium. The Tl-bearing 
ZoClz is marketed and the metal then 
treated with NaOH prior to casting 
into shapes for market. 


Crude retort metal is melted under a 


caustic cover residual from a previous 
melt. This cover is then drossed and 
the bath agitated with NH:Cl for 
thallium removal. The chloride dross is 
skimmed and stored. New caustic is 
then added and melted, followed byia 
brief period of agitation prior to casting 
into shapes for market. 


99.9646 
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cadmium operations vary, both as to 
type and extent. The tonnage intake is 
low and few smelters pursue operations 
beyond the concentration stage. Mar- 
kets for resultant cadmium products of 
reasonable grade may be found in zinc 
and chemical industries, and the 
American Smelting and Refining Co. 
operate a custom cadmium plant at 
Denver, Colo. Cadmium bearing prod- 
ucts from the various A. S. and 
R. smelting operations are shipped 
for treatment at the Globe Plant. 
Prominent among other lead smelters 
equipped for cadmium production are 
the U. S. Smelting, Refining and 
Mining Co. at Midvale, Utah,* the St. 


_*The Midvale Plant has not been operated 
since 1944. 
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Joseph Lead Co. at Herculaneum, Mo., 
and the Bunker Hill and Sullivan 
Mining and Concentrating Co. at Kel- 
logg, Idaho. To a limited extent, in the 
past few years, the Bunker Hill plant 
has been operated on a custom basis. 
Table 1 presents an outline of the 
essential processing steps employed in 
the three latter plants recorded above. 
This summary depicts a more or less 
representative composite of lead smelter 
practices. Among the component Op- 
erations outlined may be found most 
processing steps employed for the re- 
covery of cadmium from lead smelter 
fume. Though little information re- 
garding recent practices at the Globe 
plant are available, earlier descriptions 
of H. R. Hanley? and T. P. Campbell+ 
indicate no marked departures from the 


practices summarized in Table 1. Since 
an intelligent discussion of a process 
requires intimate plant knowledge and 
an appreciation of prevailing plant 
conditions, any detailed considerations 
of the practices outlined must ‘be 
limited to Bunker Hill operations. It is 
interesting to note, however, that the 
Midvale process, developed by R. H. 
Stevens,’ was placed in operation in 
1915. This plant can probably be 
credited with the first production of 
electrolytic cadmium on a commercial 
scale. . 


Flow-sheet, Fig 1, was drawn’from information 
supplied by the Bunker Hill Smelter and appeared 
in an article by John B. Huttle, ‘Bunker Hill 
Plant Recovers Metallic Cadmium from Fume,”’ 
Eng. and Min. Jnl., Apr. 1946, 174 No. 4, 
82-85. It is reproduced by permission of Eng. 
and Min. Jnl. 
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PLANT 
PROCESSES © 


ET 


EAKING FUME 


FIG 1—Flow sheet of Bunker Hill cadmium recovery plant. 
8. 8 x 8 ft lead-lined precipitation tanks. 


. Storage shed. 


. 3 X 3 ft ball mill. 
. Wash solution storage tank. 


WA uUpwn a 


. 6000 Ib batch leach with screw feeder. Od 


. 8 X 8 ft lead-lined leach tank. 


Zinc sulphate storage tank. 


10. Briquette machine. 
11. Two-bottle oil-fired retorts. 
12. Holding pots, 3000-Ib capacity. 


. Shriver press, 42 2-in. < 3-ft X 3-ft frames. 13: 
. . 5000 gal pregnant solution storage tank. 14. 
Bunker Hill Cadmium ing conditions than practically attain- 


Recovery Operations 


GENERAL DISCUSSION 


As already described under “‘ Prepar- 
atory Processing” Bunker Hill Cad- 
mium Plant feed consists of fume 
concentrated by a special reverberatory 
fusion of a mixture of blast furnace 
fume and siliceous flux. This product, 
produced under more favorable oxidiz- 
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able in a blast furnace, contains very 
little sulphide and is amenable to 
direct leaching in dilute sulphuric acid. 
As is illustrated by the accompanying 
flow-sheet, Fig 1, the process em- 
ployed utilizes a combined leaching 
and purification operation, followed by 
sponge precipitation with zinc dust and 
final metal recovery by retorting. The 
particular type and sequence of meth- 
ods depicted were selected after a long 


Ten 4 X 16 X 34-in. molds. 
Cleaning & boxing section. 


experimental period during which many 
alternative practices were investigated. 

Cadmium recovery obviously in- 
volves low tonnage operations wherein 
efficient processing is most essential to 
economic production. Processing effi- 
ciency is particularly important in the 
treatment of lead smelter fumes which 
generally contain high and variable per- 
centages of troublesome impurities. In 
certain instances primary extraction 
becomes secondary to flow simplicity 
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FIG 2—Cadmium leach and precipitation tanks—showing hodding and ventilation system. 


and flexibility. In the development of 
Bunker Hill practice for example, ex- 
perimental experience indicated that 
the increased primary extraction at- 
tainable by means of separate leaching 
and purification steps, would not 
justify the attendant complications of 
plant flow and the associated increased 
treatment and capital costs. Similar 
evaluations resulted in the choice of 
distillation procedure over electrolysis 
and sponge precipitation with zinc dust 
rather than on slab zinc as practiced at 
Herculaneum. For the processing of 
Bunker Hill fume, the degree of im- 
purity control necessary for successful 
electrolytic operations would require 
re-solution of a thoroughly washed 
sponge in a separate electrolyte circuit. 
Retorting procedure not only avoided 
this extra treatment, but also provided 
operations more readily adjustable to 
variable capacity conditions. Although 
the Herculaneum type precipitation 
practice produces sponge of superior 
retorting grade, such a system would be 
very cumbersome in the processing of 
arsenic-bearing products where venting 
is necessary and every precaution to 
avoid arsine poisoning must be taken. 


GENERAL PLANT DESIGN 


The Bunker Hill Cadmium Plant 
represents a modern installation for the 
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processing of lead fume, having been 
placed in operation in June, 1945. It is 
a compact steel and concrete structure, 
constructed for the production of 1000 
lb of cadmium per day when treating 
fume of 25 pct grade. Into its design 
were incorporated all practical facilities 
to provide both operational ease and 
favorable working conditions. Equip- 
ment units are conveniently located 
and served by an excellent ventilation 
system. Solution levels in tanks are 
observable from strategic points by 
means of electronic level indicators. 
Retort temperatures are automatically 
indicated and recorded, and semiauto- 
matic temperature control with a fuel- 
air ratio controller, is provided. Both 
the upper floor, utilized for the receipt 
and storage of fume and reagents, and 
the lower floor from which end products 
emerge, are readily served by truck. 
Material passes by gravity flow through 
the leaching, precipitation and metal 
recovery operations conducted on inter- 
mediate levels. 


LEACHING AND PURIFICATION 
PRACTICE 


Referring to the accompanying flow- 
sheet (Fig 1), sacked cadmium fume is 
weighed and dumped into a steel bin 
which is screw-discharged into a 3 X 3 
ft pulping ball mill located on the leach 
floor. Circulating wash solution meets 


and carries the screw-discharged fume 
into the scoop box of the pulping mill 
from which it flows by gravity into a 
vented, lead-lined, 8 X 8 ft agitator 
tank. (Fig 2.) 

Prior to the flow of ball mill slurry, a 
predetermined weight of concentrated 
H.SO, is drawn into the leach-tank 
along with a small volume of wash 
water and the agitator started. To this 
strong acid mixture is then added 
copperas and sufficient sodium chlorate 
to oxidize the iron to the ferric state. 
About mid-run, to offset the reducing 
effects of fume ingredients, additional 
chlorate is added at the ball mill and at 
the close of the run, some potassium 
permanganate. 

While reagent consumption varies 
widely with changes in fume character, 
the consumption when treating 6000 Ib 
of 26 pet cadmium grade fume* may 
be roughly recorded in the range of: 


REAGENT Pounps 
60° Be H:SORS en nee 800 
Copperas: .72.< insite ae ees 200 
Sodium! Chlorate {ae ee ee eee 30 
KM1Q 605 vc: ronan eee eee 10 


About two hours is required to pulp 
6000 lb of fume. Then, after a short 
period of additional agitation, the 
slurry is sampled for acidity. If its pH 
value runs much lower than 5.3, as 
shown by a Coleman pH tester, addi- 


* Reagent proportions shown on the flow-sheet 
are for the treatment of high-grade cadmium 
fume (approx. 45 pet Cd). 
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FIG 3—Sixty-five cubic foot capacity Shriver press—utilized for both cadmium leaching 
and precipitation operations. 


tional fume is added. Upon reaching the 
required acidity range, a filtrate sam- 
ple is assayed for arsenic. When the 
arsenic assay shows the presence of less 
than 10 mg per liter, the slurry is di- 
luted to about 1700 gal and pumped 
through a 65 cf capacity, closed de- 
livery Shriver press, (forty-two 2 in. X 
3 ft square frames used), to one of two 
5000 gal lead-lined, pregnant solution 
storage tanks. Seventeen hundred gal- 
lons of slurry results in about 1500 gal 
of pregnant solution. One leach cycle 
is completed per 2-man shift and about 
10,000 gal of pregnant solution is ob- 
tained in six shifts’ operation. 

Purification is accomplished through 
the use of oxidizers and by pH control. 
Though copperas aids in arsenic re- 
moval, considerable arsenic precipi- 
tates as a cadmium compound, and the 
primary extraction attainable varies as 
the cadmium arsenic ratio; this ranges 
from a low of about 75 pct for products 
containing about 6-7 pct As to around 
90 pct for products down to 3 pct As. 
Neutralization to a pH of 5.3 permits 
practically complete arsenic precipita- 
tion. While operations in a higher 
acidity range allow higher primary ex- 
traction, the arsenic purification prob- 
lem is greatly complicated. 

The leach residue is washed in the 
filter press with about 1500 gal of water 
which is pumped to an 8 X 8 ft lead- 
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lined storage tank for use as make-up 
solution in a succeeding leach. Upon 
breaking the filter-press, the washed 
and blown residue is dropped through 
a chute to a concrete storage bin on the 
lowest plant level. From this bin it is 
conveyed back to the lead smelting 
circuit, wherein lead is recovered and 
the cadmium returned to the circulat- 
ing fume load. (Fig 3.) 


SPONGE PRECIPITATION 
PRACTICE 


After two leach days, during which 
the solution of 8000 to 10,000 lb of 
cadmium is effected, the crew turns to 
precipitation operations. Stored preg- 
nant solution, now of known cadmium 
content, is drawn in 600-800 gal 
batches into a lead-lined, conical-bot- 
tomed precipitation tank served by a 
high-speed agitator. As in the leach 
system, this tank is hooded and posi- 
tively vented by means of a 6400 cfm 
fan. The vented tank atmosphere is 
conveyed and discharged into the blast 
furnace flue system. In this manner, 
possible hazardous concentrations of 
arsine are speedily removed and diluted 
to harmless proportions with 150,000 
cfm of blast furnace gas. 

Each batch of solution for precipita- 
tion is acidified by the addition of 
H,SO., to about 4.5 grams acid per 


liter. Then, zinc dust is charged in the 
proportion of about 0.62 lb zinc per Ib 
of cadmium contained. Electro-positive 
zinc displaces cadmium from solution 
with the production of cadmium 
sponge. The action, induced by high- 
speed agitation, breaks and rolls the 
sponge masses into dense pellets favor- 
able to washing by decantation. To 
prevent the precipitation of basic sul- 
phate salts, the solution acidity is not 
allowed to fall below 2.0 grams per liter 
and zinc additions are terminated when 
the solution assay shows a cadmium 
content below 0.5 grams per liter. At 
this point, the agitator is shut off, the 
pellets allowed to settle, and the clari- 
fied ZnSO, solution decanted and 
pumped to a strong zinc solution 
storage tank for marketing to the 
flotation mills of the district. The set- 
tled cadmium is then washed by dilu- 
tion with water and agitation before 
being pumped to the Shriver press; the 
filtrate going to a weak ZnSO, storage 
tank for delivery to D and L sintering 
operations. 

About 9 similarly treated precipita- 
tion batches are accumulated in the 
filter press prior to a final wash with 
water. The press is then blown with air 
until warm, broken, and the contents 
discharged to a steel storage bin on the 
retort floor below. To avoid excessive 
cadmium oxidation, briquetting op- 
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FIG 4—Stokes briquetting machine showing cadmium briquette storage pans. 


erations are started soon after a press 
discharge. 


METAL RECOVERY OPERATIONS 


Sponge briquetting, with no additive 
agents and no prior treatment other 
than granulation through an 8-mesh 
screen, is practiced. The screened 
sponge is charged to the hopper of a 
Model R Stokes machine. The sponge 
is dewatered and its density increased 
about three times, by compression 
under 17 tons pressure, into 2 in. diam 
by 4% in. thick briquettes. The com- 
pressed discs discharge into steel 
storage pans at the rate of about 1000 
lb per hr. Each storage pan has a capac- 
ity equivalent to that of a retort bottle. 
They stand off the floor on legs to 
permit ready transfer to the retorts by 
lift truck. (Fig 4.) 

Two oil fired retort units are em- 
ployed for cadmium distillation from 
briquetted sponge. Each retort unit is 
of firebrick construction and contains 
two No. 11 American Crucible Co. 
graphite bottles set on piers above a 
brick checker-work arch, which dis- 
tributes the heat from the firebox 
below. The retort bottles are manually 
charged, 600 lb per bottle, 1200 lb per 
retort unit. 

After being charged, portable, par- 
tially insulated, cast iron condensers, 
which fit about the extended neck of 
the retort bottles, are rolled into place 
and the _ bottle-condenser junction 
sealed with fireclay. The closed, outer 
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ends of the cylindrical condensers have 
two 14-in., holes. The bottom hole is 


‘immediately sealed with clay and only 


opened when tapping metal. The upper 
hole is kept open for an hour or so after 
the start of a run to permit the escape 
of moisture and other gases noncon- 
densible at elevated temperatures. 
When cadmium vapor is evidenced, the 
upper hole is sealed. 

While the retorting cycle is a variable 
depending upon the bottle life and 
briquette character, the average time 
consumed approaches 20 hr. A de- 
scription of Bunker Hill retorting prac- 
tice is as follows: 

With the condensers pulled aside, the 
briquette storage pans are moved to 
the retorts and the contents shovelled 
into the bottles. The condensers are 
then rolled into place and the junctions 
sealed with clay. Next, the firing is 
stepped up and the firebox temperature 
brought to, and maintained at, 2100°F. 
After about 114 hr heating, cadmium 
starts to distill and the upper vent holes 
are sealed. From then on, at three-hour 
intervals, the condensers are tapped 
and the condensed, molten cadmium 
drawn into steel pans. When the 
charge is ‘‘cooked”’ as evidenced from 
the quantity of metal drawn, the con- 
densers are pulled away and the bottles 
raked clean for the receipt of the suc- 
ceeding charge. 

Retort residue is returned to the 
leach circuit and the crude metal is 
charged to one of two pots utilized for 
refining and casting. Depending upon 


bottle life and the grade of briquettes, 
the operation of two retort units (four 
bottles) allows a crude metal produc- 
tion of from 1400 to 2000 lb of cad- 
mium per day. (Fig 5.) 


REFINING AND CASTING 
PRACTICE 


Two 3000-lb capacity, electrically 
heated kettles are used for both refining 
and casting. One pot is being either 
held or used for casting while the other 
is being charged for refining. Refining 
operations are chiefly concerned with 
thallium removal. The crude retort 
metal produced meets all impurity 
specifications except for lead and thal- 
lium. All metal is treated for thallium 
removal; occasional lots destined for 
sale to bearing manufacturers must be 
redistilled to meet lead specifications. 

Crude retort metal is charged to one 
of the two kettles and melted under a 
thin caustic cover. When the kettle is 
full, the caustic cover is skimmed and 
30 lb of ammonium chloride is agitated 
into the bath over a 34-hr period. The 
chloride dross is then removed and 20 
Ib of new caustic added. About 15 min. 
additional agitation is given as a pre- 
caution against zinc contamination. At 
this point the agitator is removed and 
the metal ready for casting. 

Refined metal is drawn, by means of 
a screw-operated valve, through an 
outlet in the kettle bottom into a cast- 
ing ladle that is heated by means of a 
kerosene torch. It is cast into shapes 
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FIG 5—Bunker Hill cadmium retort installation—showing condenser in place and tapping operations. 


for marketing in vertical, air-operated 
molds. The solidified shapes (slabs, 
balls, sticks) are given a dilute. hydro- 
chloric acid dip and wiped dry before 
weighing and boxing for shipment. 


Cadmium Metal Marketing 


There are no A. S. T. M. Cadmium 
specifications. Although attempts have 
been made in recent years to establish 
market requirements of more restricted 
and uniform nature, standardization 
has not yet been realized. In general, 
platers are rather lenient with regard to 
lead (0.05 pet max.) but are insistent 
on limiting the thallium content to 
0.005 pct. The bearing manufacturers, 
on the other hand, are willing to accept 
up to 0.05 pct thallium but limit the 
lead content to 0.02 pct. Some of the 
diversified marketing specifications are 
illustrated in Table 2. 

As pointed out by John L. Bray,°® 
cadmium is technically one of the 
younger metals. Although known since 
1818, until comparatively recent times 
there have been but few uses for cad- 
mium. Prior to 1925, the bulk of the 
world’s cadmium was produced in 
Germany. Production in the United 
States, at that time, ranged between 
25 and 100 tons per year. Concurrent 
with the use of cadmium as a plating 
medium, principally in the automotive 
industry, a marked growth occurred in 
U. S. production. By 1939, the United 
States became the world’s largest 
producer. 
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While up-to-date statistics are un- 
available at this writing, evidence 
points to a 1948 U. S. production ap- 
proaching the 1947 total of 4,000 tons 
metallic cadmium. This production is 
somewhat under the war-time high of 
4,300 tons, a decline that parallels a 10 
pet decrease in zinc production from its 
war-time peak. At 4,000 tons per year, 
metallic cadmium production appears 
to be somewhat in excess of current 
domestic requirements. The pattern of 
current domestic consumption is of the 
following order: 


Pcr 
BSC irooplabin Sire. ccsyspets. gee au eee DSS ENS 75 
BS CATIN PeAMOV Std sere re eR Ici os acc 00 15 
Solder allover cctete ca tak eiece tee Battie tien 5 
PT RATTO TL GS rye ye eacedcne cececros or Sicehiahie te wowatin. ou. wy stabaeeteyte 2 
M@hemicaliys ees eh venti acd eis elie # Rae 2 
DVMINCeNATCOUS? | oh Sone eee ere sateen orsieiehs 1 


It is interesting to note. that the 
foregoing pattern is not typical of 


Table 2... Marketing Specifica- 


tions 


Bureau oF FEDERAL SUPPLY 
cT 


Gama seh essen deh rebae st cuseneud 99.90 min. 
Gopper sais wis tae Ose Pee eee 0.01 max. 
TOM. carecrsake pecs akon asia ete ters ay Atel. 0.01 max. 
Lead + silver + tin.............. 0.05 max. 
VAS OGRE Se AROS TIN rete gree oO 0.05 max. 


Antimony + Arsenic + Thallium.. 0.005 max. 
Piatine InpusTRY : 
Cadminim 23.0) Vase eles salon 99.90 min. 
Lead + Silver + Tin............. 0.05 max. 
Antimony + Arsenic + Thallium.. 0.005 max. 
BEARING isha IE 


Gadmiigni =" ZimOs.. ws ssi ise s.efe os 99.90 min. 
Zinc jeeee 0220 max. 
Copper 0.02 max. 
Lea 0.02 max. 
Bismuth 0.01 max. 
Antimony 0.01 max. 
AD vevecs 0.005 max. 
Cadmium Remainder 
Copper 0.40-0.60 
Silver 0.60-0.80 
Nickel 0.25 max 
Lead 0.05 max 
Zinc 0.05 max 
STOUT pe, ocean h ae toisueusiernaacte epee eves tenecleaa 0.02 max 


foreign consumption. Abroad there is a 
more extensive use of cadmium in 
alloys and less in plating. About 10 pct 
of foreign consumption is also utilized 
in the manufacture of cadmium-nickel 
batteries for industrial and railroad 
units. This type battery has not been 
extensively used in this country, al- 
though within the past few years a 
small company in New England is re- 
ported to have started production. 
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Development of Mufile Furnaces 
for the Production of Zine Oxide 
and Zine at Kast Chicago. 
Indiana 
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GUNNARD E. JOHNSON* Table 1. . . Distribution of Products Produced by Melting Die Cast Scrap 
4 e Per Cent Per Cent 
Introduction Weight | orWeight Per Cent Lb'Zine. |: oF Sane 
ax Charged EY Charged 
Tue problem of efficient reclamation 
. . Charged x 
of zinc base die cast scrap became Ronifuiae racekvedisc ck eme eter et 320,073 100.0 76.6 245,176 100.0 
. . ° . P. d t: 
interesting. early, in M9s0 Die Castes tye Casi Slahe:... ..cs.. 1 246,790 77.1 90.1 222,358 90.7 
: . : Melting Dross....--......+csccscs se.) B5s620 11.1 si 627 ; 
Metal, as referred to in this paper, is a Lich Tiaiscls ko eee 36,491 11.4 10.0 3,649 1.5 
j j i = eprtion 0se....a02 = aoe Oe i, t72 0.4 : 
Cea ne alloy with various A ee Wnaccounted: for:Gain. ine ee eee —458 —0.2 
oO | 
Hons aa nee ea OL Sa a aa 320,073 100.0 245,176 100.0 
antimony and tin. 


Many attempts were made to work 
out some means of reclaiming the dis- 
carded die cast metal for re-use as new 
die cast metal. Difficulties in such 
reclamation were attributable to con- 
tamination by lead and tin from solder, 
chromium and nickel from electro- 
plated coatings, and iron from iron 
inserts. 

This paper relates the experiments 
that led to the development of a 
specialized muffle furnace for the treat- 
ment of zinc base die cast scrap for the 
production of zinc oxide and zinc, and 
describes the development of the 
muffle furnace and the equipment now 
used commercially for these purposes. 
The Eagle-Picher Co. acquired all 
patent rights! for these developments 
from the International Smelting and 
Refining Co. in connection with their 
purchase of the East Chicago Plant. 


Zine Base Serap Situation 


About 1935, the die cast scrap situa- 
tion became increasingly acute for 
scrap dealers. This scrap was accumu- 
lating from dismantling automobiles 
and household appliances which con- 
tained die cast parts. Efforts to find an 
outlet for this type of scrap were 
intensified. 

The International Smelting and Re- 
fining Co. began to study the possibili- 
ties of a commercial process for the 
recovery of values from die cast scrap. 
At that time most of the die cast metal 
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reclaimed was melted down in small 
kettles of from one to five tons capac- 
ity, the iron inserts being removed by 
skimming. The dross was skimmed off 
and disposed of as a zinc dross. The 
drossed metal was cast into slabs and 
was given the trade name “die cast 
slabs.”’ Distribution of the products 
produced by melting die cast scrap in 
kettles is shown in Table 1. 


American Process 
Experiments 


A method considered for the produc- 
tion of zinc oxide from die cast scrap 
was an adaption of the standard 
American Process of zinc oxide manu- 
facture. Thus some die cast scrap was 
mixed with oxidized zinc materials and 
charged to Wetherill grates. The zinc 
oxidized to zinc oxide but, while the 
aluminum and copper largely remained 
in the residue, the color of the zinc 
oxide produced was impaired by copper 
contamination.. As the proportion of 
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die cast scrap was increased, liquation 
took place; that is, the metal trickled 
through the charge then solidified. in 
the openings of the grates. 


Freneh Process 
Experiments 


Several hundred tons of die cast 
scrap were purchased for test purposes 
and converted into die cast slabs. These 
slabs were charged into a French 
Process (horizontal retort) zinc oxide 
furnace with some electrolytic zinc. A 
satisfactory grade of zinc oxide was not 
produced. 


Distillation in Belgian 
Retorts 


It was then decided that, rather than 
attempt to use scrap die cast metal or 
scrap zinc for the production of zinc 
oxide, it would be advisable to redistill 
the die cast slab metal in a Belgian 
retort furnace. 

The opportunity to do so was pro- 
vided by the closing of the zinc smelter 
of the Illinois Zinc Co. at Peru, Ill. 
Arrangements were made for the opera- 
tion of a Belgian retort furnace for such 
redistillation purposes. The results of 


this experiment are summarized in 
Table 2. 
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Table 2. . . Results of Experiment 


EESESSSSSSSSSSMSSmmMMFsFshshFheFs 


Weight | Per Cent 

in Lb Charged 

Metal Charged... ° >>... es 2,778,541 100.0 

Eppdnetios ‘ 

edistilled Metal.......| 1,684,913 60.7 
Metal from Blue Powder | ‘518,711 | 18.6 
Residue Metal.......... 218,287 7.9 
HOSS Rn aaa ee 356,630 121.8 


All of the zinc produced contained 
varying amounts of copper, tin and 
aluminum in sufficient quantities to 
make it unmarketable. The metals pro- 
duced, however, were found satisfac- 
tory for use in making zinc oxide 
provided the quantities used were 
limited to a small fraction of the total 
metal charged. 


Distillation in Graphite 
Retort Bottles 


Some attempts were made to treat 
die cast scrap in graphite bottles to 
produce zinc. Very little success re- 
sulted from these attempts because 
graphite bottles had a short life. Also 
the relative position of the condenser 
with reference to the retort permitted 
the condensing metal to contact, and 
become contaminated with, aluminum 
and copper. 

The next experiment was to produce 
zinc oxide from the die cast scrap 
charged to graphite retorts. The zinc 
oxide produced was conveyed directly 
to a baghouse by means of a fan and 
duct system. This zinc oxide was un- 
satisfactory because of the high copper 
content and very poor color. Further, 
contamination with lead and aluminum 
took place; these elements being 
mechanically carried into the bag- 
house when the mouth of the retort 
bottle was cleaned or when the charge 
of residue left in the bottle was poured 
into molds. 

It was finally concluded that recog- 
nized processes for production of zinc 
or zinc oxide were not satisfactory for 
the treatment of die cast metal. Some 
new approach to the problem was 
needed. 


Experimental Muffle 
Furnaces 


Initial investigation began with the 
use of a laboratory muffle furnace. This 
was a rectangular muffle constructed of 
carborundum tile cemented at the 
joints. Attempts were made to hold the 
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FIG 1—Experimental muffle furnace. 


level of liquid metal at not over 2 in. in 
depth. Even with this small depth of 
metal, serious leakage occurred. 

At about the same time, a pilot unit 
was constructed which provided means 
for heating the metal bath from above 
and below. Heat was introduced below 
the bath by means of a gas flame within 
arefractory tunnel. This furnace leaked 
badly after every effort had been made 
to make it tight enough to contain 
molten die cast metal. 

Shortly afterward a larger experi- 
mental unit 5 ft long with a car- 
borundum arch 3 ft wide was built and 
tested. This unit is illustrated in Fig 1 
which shows cross-sectional and longi- 
tudinal-sectional views of the furnace. 

This pilot unit established the fact 
that zinc could be vaporized, practi- 
cally, by means of a large shallow bath 
and that such vaporizing is less violent 
and more easily controlled than in the 
more restricted areas of small retorts. 

This furnace provided a monolithic 
hearth construction arranged within a 
steel shell to confine the molten metal 
against escape and loss. Also, opera- 
tion of the furnace confirmed calcula- 
tions that it was practical to apply 
heat to the bath, from above, through a 
carborundum arch. The zinc vapor did 
not seep through the carborundum 
arch. 

The metal was charged into the fur- 
nace through two small openings in the 
vaporizing chamber just below the 
arch. Zinc vapors were conveyed by a 
short horizontal brick flue to a cham- 
ber. Oxidation of the metal vapor to 
zinc oxide took place at the brick cham- 
ber from which the zinc oxide was 
conducted to a baghouse through a 
steel flue. This furnace established 
operating characteristics of the larger 
furnaces later constructed and pointed 
out the need for a substantial arch 
anchorage and related construction 
problems. 

Our experience with these furnaces 
indicated that satisfactory commercial 
operations would not be achieved until 
an integrated unit was produced, hav- 
ing a tight hearth, a tight arch, and 


adequate provisions for keeping the 
zinc or scrap metal heated to the de- 
sired temperature, in conjunction with 
a vaporizing unit from which zinc 
vapors would be discharged rapidly and 
at uniform rate. Analysis of experi- 
mental operations also led us to believe 
that commercial operations could pro- 
ceed upon development of effective 
means for excluding air from the 
vaporizing chamber within which the 
molten bath was being heated. Any air 
entering this area would react with the 
vapors to form an oxide film or layer, 
which inhibits heat transfer to the bath 
of molten zinc, thus gradually impeding 
the liberation of zinc vapors from it. 
This factor was a principal cause of the 
decline in rate of oxide production soon 
after the start of operations in the 
experimental muffle units. It was recog- 
nized at the time that the results ob- 
tained in small scale equipment would 
not necessarily be predictive of those 
obtainable with a larger furnace. How- 
ever, contemplation of a large scale 
unit introduced additional questions in 
respect to confinement of a large bath 
of molten zinc against escape. A further 
problem was the accommodation of 
expansion, under air-seal conditions, of 
a commensurately large arch capable 
of sustaining the relatively high tem- 
peratures involved. 

To meet these requirements, the 
later design of our commercial furnaces 
at East Chicago was predicated upon 
the provision of a monolithic hearth 
construction arranged within a steel 
shell to confine the molten zinc against 
escape and loss. Above the hearth, the 
arch was sprung from skewbacks along 
the side walls longitudinally of the 
furnace whereby widthwise expansion 
of the arch could bow it without im- 
pairing the air-tight seals provided at 
the skewbacks. At the ends of the fur- 
nace, the arch extended into pockets 
or recesses of the end walls which in 
turn were filled with an elastic or yield- 
able cement capable of maintaining an 
air seal while allowing the expansion 
movements of the arch. Continued 
operations over a number of years have 
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FIG 2—Improved muffle furnace. 
Table 3. . . Results Obtained with Melting Unit 
A Per Cent Per Cent 
| Weight of Weight pM Lb Zinc of Zinc 
ia Charged Charged 
d' 
Cast” Scrap as received............ 502,821 100.0 78.2 393,206 100.0 
tery Vi U 398,235 79.2 88.2 351,243 89.3 
Molding Disses ee: j a os AE AS31209 10.6 62.0 33,045 8.4 
ET OMPM OJ CCUG pais gee ots assed a sistonuees 44,751 8.9 15.0. 6,713 1S 
Unaccounted' Loss... ... 0.0.0 c eee es 6,536 13, 2,205 0.6 
502,821 100.0 393,206 100.0 


proven these principles to be effective 
and reliable. 


Commercial Mufile 
Furnace 


The first commercial unit, producing 
5 to 7 tons of zinc oxide per day, was 
equipped with a vertical riser. This 
brick riser received zinc vapors from 
the vaporizing chamber and provided 
for contact of zinc vapor and air to 
produce zinc oxide. The zinc oxide was 
conveyed through a steel duct into a 
baghouse. 

In the operation of the first commer- 
cial furnace, the die cast scrap was first 
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melted in kettles (heated by waste 
heat) to facilitate removal of unmelt- 
ables. These kettles were located in a 
manner that permitted the molten 
metal from the kettles to overflow into 
a sealed opening leading into the 
vaporizing unit. This practice was not 
satisfactory because of short kettle life. 

Later furnaces embodied melting 
units consisting of a welded steel shell 
lined with fire brick to enable melting 
of the scrap continuously on a molten 
bath. The die cast scrap was charged 
onto this molten bath. This proved to 
be more efficient than kettle melting 
providing the temperature was ade- 
quately controlled. 

The melting unit now in use consists 


of a sloping hearth inclined toward a 
central point, which discharges into a 
trough to the vaporizing unit. With 
controlled melting unit temperatures, 
the oxidation of zinc is maintained at a 
minimum. The results obtained with 
this melting unit are shown in Table 3. 


Muffle Furnace 


Assembly drawing Fig 2 and sec- 
tional views (Fig 4, 5 and 6) along 
planes as indicated in the plan as shown 
in Fig 3 may be helpful in a more de- 
tailed study of the furnace design. The 
letters apply to Fig 1 to 6 inclusive. 

A—Melting Unit 

B—Combustion Chamber 

C—Vaporizing Chamber 

D—Riser 

D2—Condenser 
The furnace is fired by oil burners at E 
into the combustion chamber B which 
connects through duct F with melting 
unit A and combustion gases are 
vented through stack G. The flow of 
metal through the furnace is counter- 
current to the flow of gases. The zinc- 
bearing material is charged through 
door H (not shown) onto the melting 
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unit hearth J which is considerably 
above and to one side of the bottom of 
vaporizing chamber C. The molten 
charge drains from the hearth J of the 
melting unit which is pitched toward 
the center, through a duct entering the 
vaporizing chamber at point marked J. 
Means for drossing are provided 
between hearth J and outlet J. Un- 
meltables, such as iron inserts, and the 
like, are raked from the hearth of the 
melting unit through door H2. It will 
be noted that the combustion chamber 
B is separated from the vaporizing 
chamber C by a comparatively thin 
arch K to expedite the flow of heat from 
the combustion chamber into the 
vaporizing chamber. This arch is made 
up of standard commercial sizes of 
carborundum blocks. The arch extends 
into recesses of the end walls which are 
filled with an elastic material, forming 
a seal, and providing for expansion. 
Under the proper conditions of tem- 
perature and pressure, zinc vapors are 
-produced in chamber C which flow 
through opening L in the vaporizing 
chamber into the riser D. These vapors 
may be burned to zinc oxide as they 
escape from riser D through opening M 
to a zinc oxide collector. This assumes 
that opening JN is closed. If it is desired 
to condense the vapors as metallic zinc, 
N is opened permitting the vapors to 
enter the condenser D2. The con- 
denser may be laid up of carborundum 
brick which aids in condensing the 
zinc vapors to metallic zinc due to its 
high heat conductivity. Pressure, if it 
becomes excessive, is relieved by ball 
O resting on an opening into the con- 
denser. Zinc wells marked P are used 
for tapping condensed metal. 

Vaporizing chamber, condensers and 
zinc wells are all encased in a steel shell 
marked R which rests on supporting 
I-beams. The arch and side walls of 
combustion chamber B are constructed 
of a special high grade refractory. An 
insulating arch S covers the combustion 
chamber. Referring to the front of the 
vaporizing chamber C beneath the oil 
burner EF it will be noted that the pan 
is first lined with a layer of fire brick, 
upon which is placed refractory con- 
crete, designed to tighten the furnace 
against the flow of metallic zinc through 
brickwork J. The inverted arch and 
side walls of the vaporizing chamber C 
are constructed of high quality fire 
brick. The bottom arch of vaporizing 
chamber C pitches slightly to one end 
to assist in tapping metal from this 
chamber. Opening Q allows for atmos- 
pheric cooling of the furnace bottom 
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FIG 3—Plan of muffle furnace showing 
sections. 


and provides for inspection of the bot- 
tom of the furnace pan. 

Metallic Zinc is produced in the 
Muffle furnace by closing the opening 
M, used in producing oxide and open= 
communicating door NV connecting 
condensers D and D2. Drains to zinc 
wells P-P are also opened. 

This type of furnace construction 
provided for: Prevention of leakage of 
molten zinc by means of a monolithic 
hearth within a steel shell. Escape of 
vapors and infiltration of air by a tight 
arch fully sealed throughout its length 
and breadth and at the points where 
the arch joined the furnace. Pressure 
build up within the vaporizing chamber 
to permit the desired flow of zinc vapor 
to the riser and condenser. (Fig 7.) 


Operating Procedure 


The furnace is preheated with a gas 
flame, gradually raising the tempera- 
ture to 1600°F. The oil burners are 
then started and the temperature of 
the combustion chamber elevated to 
2400°F. Preheating requires about ten 
days. 

Charging of metal is started at 
2400°F and the production of zinc 
vapor begins almost at once. Charging 
is continued at as rapid a rate as possi- 
ble until a depth of 514 in. of metal has 
accumulated in the vaporizing unit. 


This accumulation of metal in the bath 
is exclusive of the metal vaporized 
during this period. Charging of die 
cast metal continues at a rate that will 
increase the depth of the metal in the 
vaporizing chamber about one inch 
for each 24 hr of operation until a total 
depth of 10 in. of metal is reached. 
This generally requires from six to ten 
days, depending on the zinc content of 
the metal charged. Where a high purity 
zinc is charged exclusively, the cycle 
may be extended to as much as 60 days 
without removal of residue metal. 

Conditions which determine the end 
of the cycle are: The rate of zinc vapor 
production for economical operation of 
the furnace, a low zinc content in the 
residue metal, as tapped from the fur- 
nace, and a lead content low enough to 
meet the requirements of the particu- 
lar zinc oxide being produced. 

The cycle is ended by tapping residue 
metal from the vaporizing chamber, 
emptying it as far as possible. This 
metal is drained through a tap, not 
shown, into cast iron molds. The tem- 
perature of the furnace is held constant 
while it is being drained. 

Furnaces have been operated for 
72 cycles such as described above. This 
represents a continuous operation of 
approximately two years. The eco- 
nomical life of the furnace is deter- 
mined by the heat transfer efficiency of 
the carborundum arch. 
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The rate of heat transfer is reduced 
by: Accretions of zinc oxide which ac- 
cumulate beneath the carborundum 
arch, an accumulation of slag on top 
of the arch and a gradual change in the 
composition of the arch. 

Major furnace repairs are required 
every two years. 


Quality of Zine Oxide 


After the initial 20 ft muffle furnace 
was constructed and placed in opera- 
tion a gradual improvement became 
apparent in the color and uniformity 
of the zinc oxide produced. Many 
changes in the furnace design improved 
the quality. The furnace, as now de- 
veloped, can produce a wide range of 
zinc oxides including all grades of 
French Process zinc oxide and with 
minor modifications has produced 
acicular zinc oxides. Representative 
specifications for the French Process 
zinc oxides that are produced are shown 
in Table 4. 


Production of Zine 


Of the various types of risers tried at 
East Chicago, several of them indicated 
the possibility that zinc metal could 
readily be produced from the muffle 
furnace. The relative position of the 
riser with respect to the molten bath 
of metal in the vaporizing unit seemed 
ideal to exclude or at least reduce con- 
tamination of the zinc metal by copper, 
aluminum and tin. 

A simple design of riser was devel- 
oped to permit zinc vapors condensed 
in the risers to be removed through a 
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FIG 4—Muffle furnace section on line A-A. 


Table 4... . Typical Muffle Furnace Zinc Oxide 


ead Red Green White 
Free Seal Seal | Seal USP. 
Line OXIDE Z NOZCR CE reassess a elle soe ene elie! ols 99.1 99.2 99. 99. 3 99.3 
ead— Pb (Pegs ci Nees oe hate ioe Sees eee 0.25 0.10 0. 0.07 0.02 
Sulphur==S CRct) ised oe ie ee ne lee wre wane 0.08 0.07 0; 0.04 0.02 
Ensoluble—=(PCo) ic neni c eee te este wey cess eiee wary 0.05 0.04 0. 0.04 0.04 
ignition Woss——GRCt) cies ce cee heise a wee els 0.40 0.40 0. 0.40 0.45 
Cad mri (PCE) eye cose oie sce oe sees ela pydces vie wes 0.10 0.06 0. 0.04 
Brightness G94 eget ed tiegas oahe ch otk oie tah levees Gilets 83.5 86.0 90. 91.0 92.0 


* G. E. Recording Spectrophotometer. 


trapped opening into a zinc well from 
which the zinc metal could be removed 
at convenient intervals. A further 
development of this idea led to the 
design of a suitable condenser made of 
carborundum brick that would permit 
complete production of zinc metal from 
all of the vapors leaving the vaporizing 
units. For the purpose of controlling the 
rate of zinc condensation, by varying 
the heat loss, hinged steel frame doors 
lined with insulation brick were at- 
tached to the exterior of the condenser. 


Zine Produced from 
Secondary Metal 


With this type of riser on the furnace, 
the distillation of zinc from secondary 
metals became a commercial possibility 
because the zinc produced in test runs 
was Prime Western, Brass Special or 
Intermediate grade. The results of such 
an experimental run are given in Table 
5. In this run die cast slabs and die 
cast scrap were used as the source of 
zinc. 


FIG 5—Melting unit section on line B-B. 
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Table 5. . . Zinc from Secondary 


Metals 
Per Cent 
Lb of Metal 
Charged 
Charged 
Die: Cast)Slabs... 2: . 0. 72,685 35 
Die Cast Scrap-......... 134,180 65 
206,865 100 
Metal Production 
Condensed Metal........| 133,165 64.4 
Residue Metal........... 11,515 5.6 
By-products 
Rifle sDrOss Scan. woe < 51,310 24.8* 
Unmeltables...........57 4,915 2.4 
Unaccounted for Loss... . 5,960 2.8 


* Dross production should approximate 14.0 
pet. 


Distillation of Prime 
Western Zine 


It was recognized that these furnaces 
could be used for redistillation of im- 
pure zinc into higher purity zinc. Re- 
sults of a test made to determine the 
efficiency of the redistillation of Prime 
Western Zinc into higher purity zinc 
are shown in Table 6. 


Table 6... Redistillation of Prime 
Western Zinc into Higher Purity Zinc 


Pct of 


Lb Grade Zinc Metal 

Charged 
Charged..... 300,095| Prime Western} 100.0 
Metal Pro- 269,554| Intermediate 89.8 
duction.... 3,280| Brass Special inl 
10,246} Prime Western 3.4 
By-products. . 9,238] Muffle Dross aed 
1,786] Blue Powder 0.6 
1,316] Residue Metal 0.4 
4,693] Loss 1.6 

Distillation of High 


Grade Zine 


An experiment was conducted to 
determine the extent and economics of 
reducing the lead content of electrolytic 
high grade zinc in a muffle furnace. 
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FIG 6—Vaporizing unit section on line C-C. 


Table 7 summarizes the information 
obtained. 


Table 7... Reduction of Lead 
Content of Electrolytic High Grade 
Zinc in Muffle Furnace 


Pct of 
rect | Lb | Metal 
‘ Charged 
High Grade Zinc 
Gharged ta .a. scact 0.0081] 366,085 
Condensed Metal Pro- 
Guced ).. eee. es 0.0032] 302,225 
Residue Metal........ 17,070 
Metal in Process..... . 44,800 
Recoverysiic sense 99.46 


In this test the average production 
of metal per 24 hr was 29,257 lb. The 
oil consumption averaged 800 gal per 
24 hr. 


By-products 


Several important by-products are 
produced in the conversion of die cast 
and zinc scrap into zinc or zinc oxide. 


UNMELTABLES 


The first by-product obtained is in 
the form of iron inserts or foreign 
material that is frequently associated 
with many forms of zinc scrap. The 
general term ‘‘unmeltables” is used to 
describe this form of by-product. 

The following analysis as shown in 
Table 8 indicates the metals present in 
the unmeltables in addition to iron and 
zinc. 


Table 8 . . . Metals in Unmeltables 
in Addition to Iron and Zinc 


Per Cent 
Pb Cu Sn Ni Cr Al 
4.39 | 3.61 0.80 0.36 0.11 10.0 


MUFFLE DROSS 


As the scrap is melted in the melting 
unit or in a kettle some of the zinc is 
oxidized. The partially oxidized zinc 
(muffle dross) is screened from the un- 
meltables and set aside for treatment or 
sale to zinc smelters. A representative 
analysis of muffle dross is shown in 
Table 9. 


Table 9 . . . Analysis of Muffle 


Dross 

Per Cent 
Zn Pb | Cu Sn Fe Al | Insol. 
69.7 Seals || 400) s2ir3r h8a Sale ORO 0.4 


RESIDUE METAL 


The distillation of zinc from die cast 
metal concentrates the other metals 
(principally aluminum and _ copper) 
present in the original alloy. A rep- 
resentative analysis of residue metal 
is shown in Table 10. 


Table 10... Analysis of Residue 
Metal 


Per Cent 


RECOVERY OF TIN-LEAD ALLOY 
FROM RESIDUE METAL 


The residue metal is tapped from the 
furnace at between 5 and 10 per cent 
zinc content. This metal is remelted in 
a special liquation furnace in such a 
manner as to form a two-layer system. 
The lower layer which consists of a 
molten lead-tin alloy containing a small 
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amount of zinc is tapped from beneath 
the solid upper layer. This crude lead- 
tin alloy is refined by removal of the 
zinc with chlorine and the final refining 
with caustic soda. It is used as a lead- 
tin alloy. 


RECOVERY OF ALUMINUM FROM 
RESIDUE METAL 


A number of studies were made of the 
best means of utilizing the aluminum 
and copper alloy which was left after 
the zinc, lead and tin had been removed 
from the residue metal. It was recog- 
nized that if the aluminum-copper 
alloy was freed of undesirable impuri- 
ties it should be attractive to the die 
cast producer who could use it by 
adding electrolytic zinc to produce a 
high grade die casting alloy. 

Extensive experiments were made to 
electrolyze residue metal in a fused salt 
cell. The cathode deposits were a high 
grade aluminum. As the aluminum was 
removed from the molten electrolyte 
the copper content of the residue metal 
increased and reached the point where 
the operating difficulties of such elec- 
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FIG 7—No. 4 muffle furnace. 


trolysis became more and more com- 
plex and unattractive. The conclusion 
was reached that this sort of treatment 
to recover aluminum from residue 
metal might prove attractive if low 
cost power were available. 


RECOVERY OF COPPER FROM 
RESIDUE METAL 


The copper content of the residue 
metal is high enough to interest the 
copper smelters in its utilization. It has 
been treated in copper reverberatories 
along with the melting of scrap copper 
to produce electrolytic copper. In this 
treatment the aluminum values are lost 
in the reverberatory slag. 

The residue metal can also be treated 
in copper converters where the alumi- 
num is oxidized to Al,O3 and discarded 
in the converter slag. Great care, how- 
ever, is necessary in this type of opera- 
tion because the reaction between the 
copper sulphides and metallic alumi- 
num is vigorously exothermic under 
certain conditions. Large quantities of 
this residue metal have been sold to 
manufacturers who find this alloy 


useful for their needs. It is obviously a 
secondary aluminum alloy that con- 
tains attractive values for many alloy 
specifications. 
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The Effect of Orientation Difference 
on Grain Boundary Energies 


C. G. DUNN,* Member AIME, and F. LIONETTI+ 


THE energy associated with grain 
boundaries in polycrystalline aggre- 
gates is believed to play a major role in 
grain growth processes and, when 
growth ceases, to determine the final 
equilibrium grain boundary angles. 
Further, the energy of grain boundaries 
of recrystallization nuclei is a factor in 
nucleation processes. It is important 
to know, therefore, how the energy 
per unit area of a grain boundary, that 
is, the grain boundary surface tension 
y, depends on the difference in orienta- 
tion of the two lattices of the grains 
producing the boundary. Although the 
problem is important, surprisingly 
little has been done toward a quanti- 
tative evaluation of the effect of 
orientation difference on grain bound- 
ary energies. 

C. S. Smith! recently has discussed 
this problem and in addition to showing 
effects of orientation difference on 
equilibrium angles has shown a variety 
of interesting effects of surface tension 
on the appearance of microstructures. 
Fig 1 and the following relations 
expressed in Eq 1, which connect 
equilibrium grain boundary angles 
and surface tensions, illustrate equilib- 
rium conditions which are believed to 
hold true in metals. 


he ae ere) At (1] 


Clearly any two of these surface 
tensions can be expressed in terms of 
the third when the equilibrium angles 
61, 02, and 93 are known. ; 

Applied to the present problem for 
solid state equilibrium of three grains, 
the angles 61, 62and 6; must be measured 
ina plane perpendicular to the line of 
junction of the three grains. Normally 
a direct determination of these angles 
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from random microsections is impossi- 


ble. Consequently Harker and Parker? © 


and Smith! (except for some measure- 
ments on flat specimens) resorted to a 
statistical method to determine equi- 
librium grain boundary angles. Smith 


reported that grain boundaries meet~ 


the surface of a piece of metal nearly 
perpendicularly. He reported also, in 
connection with direct angle measure- 
ments on flat specimens with grains 
extending through the thickness, that 
angles varied appreciably from 120° and 
concluded that there was a measurable 
effect of orientation difference on sur- 
face tension. 

Another direct way of determining 
equilibrium angles and a method adap- 
table to studying particular configura- 
tions, recently suggested by Dunn,? is 
to use a three-grain flat specimen with 
orientations of grains so chosen that 
the junction line of the three grains 
will be straight throughout the thick- 
ness and perpendicular to the surface 
of the specimen. Choice of orientations 
is possible when individual grains of 
each group can be grown to predeter- 
mined orientations through the re- 
orienting and growth of “‘seed crystals” 
as described.? Not only is it possible, 
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for example, to have grains with the 
same crystallographic plane in the 
plane of the specimen, but a given 
orientation difference between two 
grains can be made a common factor 
to an unlimited number of three-grain 
groups while a series of orientation 
differences is investigated. Any effect 
of anisotropy of gas-solid surface 
tension due to grain orientation should 
be minimized by having all grains 
oriented the same with regard to 
crystallographic plane in the plane of 
the specimen. 

Another feature of the three-grain 
group is the notched grain boundaries 
as shown in Fig 2 for one specimen 
(S4). The notches serve to anchor the 
end positions of the grain boundaries 
(especially at high temperatures) while 
the central and junction point of the 
grains moves toward an equilibrium 
position. Final equilibrium should 
produce straight grain boundaries if 
the notches are very narrow and if 
changes in orientation* of the grain 
boundary do not alter the surface 
tension.| If one assumes the straight 
line condition and no change of surface 
tension with small changes in grain 
boundary orientation and finds the 
equilibrium configuration by a minimi- 
zation of the grain boundary energy, 
one obtains the relations given in Eq 1. 

The approach to straight line bound- 
aries or to minimum energy configura- 
tions in specimens containing large 
grains, such as those used in the present 
investigation, may be very slow com- 
pared with the approach to equilibrium 
conditions for the grain boundary 
angles. It may be desirable, as proved 
to be the case in the present investiga- 


* Change in orientation of a grain boundary 
is not to be confused with difference in orientation 
between two grains. 

+ An effect of grain boundary orientation must 
exist for crystal orientations near the twinned 
position. A measurable effect may also exist for 
other crystal orientations. (See Ref. 1.) 
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FIG 1—Interface equilibrium between three immiscible liquids and mechanical analogy with triangle of forces. (After 


Smith.) 


tion, to observe relatively small changes 
in the boundaries near the junction 
point of the three grains rather than 
wait for large changes to occur in the 
grain boundaries prior to making ac- 
curate angle measurements. 

In the present report a series of 
groups, each of three grains with the 
(110) plane in the plane of the speci- 
men, are investigated. The difference in 
orientation between two grains 7 and Jj, 
with grain boundary surface tension y;;, 
is given in terms of an angle A;;, which 
is the angle separating the [001] direc- 
tions of the two grains. Each three- 
grain specimen, therefore, has three 
values of surface tension (712, Y13, Y23) 
corresponding to the three grain 
boundaries where the differences in 
orientation of the grains are Aj», Aj; 
and A»; respectively. Each three-grain 
group has one boundary where the 
difference in orientation of the grains 
is 15°, a value chosen somewhat arbi- 
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trarily. The purpose of the common 
value of A is to permit the calculation 
of surface tensions in terms of one sur- 
face tension (y.) which is assumed not 
to vary much with grain boundary 
orientation. Values of A;; cover the 
range 5° to 90°. 

If orientation of the grain boundary 
has little effect on the surface tension 
y, then y can be expressed as a simple 
function of A, the difference in orienta- 
tion. However, even if the orientation 
of the grain boundary should prove to 
have little effect in general, the exist- 
ence of twins with definite composition 
planes alone indicates an effect of 
grain boundary orientation when two 
lattices are near a twinned relation. 
McKeehan! and Preston® from consid- 
erations of the distances between 
atoms in a lattice and the distance 
between atoms at a twin boundary, 
showed that certain composition planes 
resulted in lower stress or lower 


FIG 2—Photograph of S4 showing sample composed 
of three grains each having a {110} plane in the plane 
of the specimen. Approx. x 2. (After Dunn.) 


boundary energy. On the basis of meas- 
ured grain boundary angles, Smith! re- 
ported that the surface tension for a 
twin boundary in face-centered cubic 
metals must be relatively small. 

In the present investigation no at- 
tempt was made to control the orienta- 
tion of grain boundaries during the 
preparation of three-grain groups. 


PREPARATION OF SPECIMENS 


Silicon ferrite with about 3.5 pct 
silicon was selected for the investiga- 
tion because the technique of growing 
three-grain specimens with each grain 
in a definite orientation had been 
previously developed. Furthermore, 
silicon ferrite remains a single phase 
even at high temperatures; so tem- 
peratures of 1300-1400°C, or near the 
melting point if desired, could be used 
to effect a more rapid approach to 
equilibrium. 
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FIG 3—Stereographic projection of the 
{100} poles of the three grains in S2. 


In the laboratory cold rolled strips 
of silicon steel of commercial grade 
were made in the form of sheets 0.025 
in. thick. These had the property of 
supporting exaggerated grain growth. 
‘Upon lowering pieces of this material 
into a furnace with a high temperature 
gradient, large grains formed in the 
hot end. Two of these grains about one 
inch apart in each sample were then 
X rayed and analyzed for orientations. 
From the stereographic projection of 
the orientation of each grain, the two 
angle rotations necessary to bring a 
(110) plane into the plane of the speci- 
men and a [001] direction into a pre- 
determined azimuthal position could 
be read easily from a Wulff net. A 
small machine with angular scales was 
used to reorient each crystal, the neck 
part of the specimen (see Ref. 3 for 
illustration) being held at red heat 
during this operation to permit easy 
plastic flow of the metal. 

Each specimen with its two re- 
oriented seed crystals was then fed into 
a furnace with a high temperature 
gradient in order to grow two grains in 
one end. The speed of a specimen 
generally was about 14 cm per hr. In a 
similar manner, a third crystal was 
seeded, analyzed, reoriented, and grown 
from the opposite end. Eleven speci- 
mens were made, all but S8 by the ex- 
aggerated grain growth method. In the 
case of S8 where one A value reached 
90°, a strain-anneal type of transforma- 
tion was used. To facilitate identifica- 
tion, each sample was shaped differently. 
Also it will be noted that the three 
initial grain boundary angles obtained 
in specimens made in the manner 
previously described, if measured very 
roughly, will be near 90, 90, and 180° 
respectively (see Fig 2). 
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After preparation, the orientations 
of all grains were determined. Fig 3, 
which is illustrative of all specimens, 
shows a stereographic projection of the 
{100} poles of the three grains 1, 2, and 
3 of S2. Tilt of the (110) plane did not 
exceed 2°. In general since the (110) 
planes were quite close to the plane of 
the specimen (within 3°), determining 
the [001] direction of each grain sufficed 
for a simple calculation of each orienta- 
tion difference A. The plotting of 
stereographic projections, as shown in 
Fig 3, was not necessary since a direct 
reading analyzer could be used to find 
the direction of the zone axis of the 
[001] zone of Laue spots which were 
present in each Laue photograph. The 
tilt of the (110) plane could also be 
read directly from the film. 


ANNEALING 


On the assumption that well defined 
equilibrium angles with grain bound- 
aries lacking or nearly lacking in 


curvature over appreciable distances — 


could be obtained, it was decided to 
anneal each sample a number of times 
and observe the approach toward 
equilibrium. Temperatures near 1300 
or 1400°C were considered necessary, 
and higher temperatures were avoided 
during long anneals since a failure of 
the furnace controls while the furnace 
was unattended could have been disas- 
trous with samples too near the melting 
point. Furthermore, the higher tem- 
peratures favored the sticking of the 
specimens to supporting plates or sur- 
rounding material and this was unde- 
sirable. To prevent sticking at high 
temperatures, samples were separated 
from supporting and surrounding pieces 
of silicon iron by a thin layer of alumina 
powder. 

A preliminary anneal of 48 hr at 
1350°C with an atmosphere of pure 


dry hydrogen disclosed a serious de- 
siliconization effect for some thin 
sheets of silicon iron and S3, $4, S5, 
and S7. Sufficient silicon was removed 
from the thin sheets of silicon iron to 
allow them to transform completely 
by a phase change. S7 and S4 had 
transformed sufficiently to require 
replacements. S9, S10 and S11, there- 
fore, were immediately made. S3 and 
S5 showed some transformation along 
the edges but this was much less than 
the transformation in S4, a photograph 
of which is shown in Fig 4. The photo- 
graphs of S4, shown before and after 
the 1350°C hydrogen anneal in Fig 2 
and 4 respectively, clearly indicate a 
change in the grain boundaries near 
the common grain boundary point. 

All samples were then annealed for 
about 70 hr at 1150°C in pure dry 
hydrogen. Although grain boundary 
changes were observable, it appeared 
expedient to anneal next in dry argon 
for 48 br at 1300°C and then obtain 
some measure of the grain boundary 
angles. Measurements after the anneal 
were made at a magnification of 30 
diam. Accuracy in the measurements 
proved difficult to obtain. Additional 
straightening of the boundaries, how- 
ever, was anticipated; so the samples 
were given another anneal of 48 hr, this 
time at 1350°C in dry argon. Measure- 
ments on a number of specimens, 
especially $5, indicated a_ stabilizing 
condition of the angles. A comparison 
of photographs taken at different times 
also indicated a marked dropping off of 
grain boundary movement. A final 
anneal of 48 hr at 1400°C in an 
atmosphere of argon was then given 
the samples. Only minor further 
changes in grain boundaries occurred 
in this anneal. Long annealing, there- 
fore, at these high temperatures had 
not produced the macrochanges sought 
for as an aid to the quantitative meas- 
ure of the approach toward equilibrium 


FIG 4—Photograph of S4 after a 48 hr anneal in pure 
dry hydrogen at 1350°C. Approx. X 2. 
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FIG 5—Photographs of S5. Approx. x 2. 
a. Specimen as prepared 
b. After 48 hr at 1350°C in pure dry hydrogen 
c. After additional 70 hr at 1150°C in pure dry hydrogen and 
48 hr at 1300°C in dry argon 
d. After final 48 hr at 1400°C in dry argon 


Table 1. . . Orientation Differences, Initial (Gross) Angles, Final Angles 
after Annealing, Relative Surface Tensions, and Corrected Relative 
Surface Tensions for Eleven Specimens 


Orientation Initial 5 Calculated Corrected 
Speci Difference Angles Final Angles Surface Tensions Surface Tensions 
peci- 
men, 
No. 12 23 713 12 23 13 
Aiz | Ags | As3 | 01 | -O2 | 63 O1 02 03 ne 12 esi ue ee ee 
Ye Ye ye Ye Ye Ye 
1 isle 7 8 90} 90}180/140 |143 ue i 0.66 | 0.62 |] 1 0.66 | 0.62 
2 16.5]17 |33.5/160| 90/110)121.5)118.5}120 1 0.98 | EOL | 0s T0227 105 
\ : a 15.5]23 |38.5/180}] 80)100|116.51121 (122.5 1 15069) 1 300, Ne Ot WSLS OTe eke 02 
4 13.5/24 |37.5]180} 90} 90! Sample ruined 
5 14 |25 139 90/180} 90}112 |129 {120 3 1.07 | 0.90 | 0.97 | 1.04 | 0.87 
6 15.5/29, 5/45 90/180} 90)112 |127.5]120.5 1 1.08 | 0.92 | 1.01 | 1.09 | 0.93 
"76 16.5]53 |69.5} 90/180} 90! Sample ruined 
8 15.5|76.5/92 90/180} 90)127.5}120 113.5 1 0.86 | 0.94 | 1.01 .87 | 0.95 
9 14 |26 |40 /180) 90} 90/115.5)117.5|127 it 1.13 | 1.12 | 0.97 | 1.10 | 1.09 
10 14.5)56 {70.5} 90/180} 90/120 |133 {107 1 0.91 | 0.76 | 0.98 | 0.89 | 0.74 
11 14.5/57 |71.5} 90/180} 90]/105 134 |121 1 1.13 | 0.84 | 0.98 | 1.11 | 0.82 
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nine used in the determination of 
grain boundary angles. Only slightly 
better in this respect was S9. Photo- 
graphs of S9 are shown in Fig 7, one 
at about 2 diam magnifications, the 
other two at 5 diam. These photographs 
clearly show that grain boundary 
movement occurred in the 1150°C hy- 
drogen anneal and also in subsequent 
anneals. 

As mentioned previously three of the 


samples showed poor macroboundaries. 
These samples (S1, $9, and S3) were 
polished and the boundaries observed 
at 400 diam magnification. Fig 8 shows 
a photograph of the boundaries of S1, 
the specimen with the smallest dif- 
ferences in orientation. It is interesting 
to note that the boundary associated 
with largest difference in orientation, 
which stands out sharply in the photo- 
graph, is opposite an acute angle. S9, 


FIG 6—Photographs of S11. Approx. x 2. 
a. Specimen as prepared 
b. After 70 hr at 1150°C in pure dry 
hydrogen and 48 hr at 1300°C in dry argon. 
c. After additional 48 hr at 1350°C and 


48 hr at 1400°C in dry argon 


conditions. The angle measurements in 
some cases agreed well with previous 
ones; in three cases it was clear that the 
specimens would first have to be 
mounted and polished metallographi- 
cally so that a higher magnification 
could be used. Angles could be meas- 
ured fairly accurately on some of the 
samples in the ‘‘as annealed”’ condition 
because the grain boundaries were 
clearly visible. 


Experimental Results 


STRUCTURE 


Photographs of S4 shown in Fig 2 
and 4 have already been discussed in 
connection with the changes produced 
by the removal of silicon. 

Fig 5, showing a series of photo- 
graphs at slightly less than double 
magnification of S5, illustrates well the 
early visible changes and the later 
stabilization of the boundary positions. 

Photographs in Fig 6 likewise show 
the changes that occurred in SII. 
From the standpoint of macrochanges 
which were visible at no magnification, 
this specimen was the poorest of the 
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Fig 7—Photographs of S9. 
a. Specimen as prepared. Approx. X 2. 
b. After 70 hr at 1150°C in pure dry hydrogen X 5 
c. After additional anneals in dry argon gas of 48 hr at 1300°C 
48 hr at 1350°C, and 48 hr at 1400°C. x 5 
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FIG 8 (above)—Micrograph of S1 after annealing. Nital etch. < 400 


FIG 9 (below)—Micrograph 


which has already’ been discussed in 
connection with Fig 7, had one grain 
boundary that continuously curved 
near the common grain boundary point. 
This feature is apparent in the photo- 
graph shown in Fig 9. Angle measure- 
ments were made at 30 diam and then 
again from the photographic plate 
taken at 400 diam. One angle, defined 
by the straight grain boundaries, 
checked well in these two measure- 
ments. Readings from the plate were 
sufficiently accurate to permit checking 
the angles to within one degree. The 


angle measurements of S3 made at a 


magnification of 400 diam checked 
quite well with those taken at 30 diam. 
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Sections were made through a num- 
ber of grain boundaries to determine 
how the boundaries passed through the 
specimen. Although the boundaries in 
general were close to the perpendicular 
position, there were some cases of de- 
parture from perpendicularity by as 
much as 5 to 10 degrees. 


EQUILIBRIUM ANGLES AND CAL- 
CULATED RELATIVE SURFACE 
TENSIONS 


Data for the nine specimens meas- 
ured are given in Table 1. Following 


of S9 after annealing. Nital etch. x 400 


the columns of orientation differences 
under Ais, Ao3, Ai3 are the gross initial 
grain boundary angles listed under 
initial angles. Referring to Fig 1 it will 
be noted that 6; is the angle opposite 


the grain boundary formed by grains 


1 and 2 where the surface tension is Y12. 
This is also the boundary where the 
orientation difference is Ais. The col- 
umns giving the second set of # values 
are the final measured angles—the 
equilibrium angles. Using these angles 
and Eq 1, relative values of y were 
calculated. Results appear in the table 
under the column headed “calculated 
surface tensions.”’ A plot of y against A 
indicated that y was changing at an 
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FIG 10—Plot showing variation of relative surface tension y/e (corrected) with differ- 


appreciable rate with A for values of 
A near 15°. Consequently y for A equal 
to 16.5°, for example, should be slightly 
larger than y for A equal to 15°, the 
approximate common value. From the 
shape of the curve a small correction 
could be made so that y. would apply 
only to A equal to 15°. This correction 
proved to be less than 4 pct in general. 
The same percentage change as that 
made in y near 15° was also made for 
the remaining two y values of each 
specimen. Results are listed under 
“corrected surface tensions.’’ A plot 
of y/y. versus A, using the corrected 
values given in the table, is shown in 
Fig 10. 


Discussion of Results 


The relationship between surface 
tension y and orientation difference A 
shown by the curve in Fig 10 has three 
rather striking features: 1. A rapid de- 
crease of surface tension with decreas- 
ing A for values of A less than 15°. 2. A 
maximum surface tension for orienta- 
tion differences in the range of 20 to 
30°. 3. A dip in the curve for orienta- 
tion differences near 70°. 

In regard to the first feature, one 
would expect some type of approach 
toward zero surface tension with de- 
creasing A since the boundary must 
vanish at A equal to zero. The second 
point will be discussed later. In the 
case of the third point, however, one 
can speculate somewhat on the twin 
relation. If the boundary between 
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ence in orientation A. 


grains | and 3 had been grown near a 
(112) plane, then approximate arti- 
ficial (112) twins (grains 1 and 3) might 
have developed on annealing and a 
marked dip in the curve expected from 
the lower energy of a (112) twin 
boundary. Actually the 1-3 boundary 
in S10 and in S11 was grown much 
nearer a (111) plane, but the final con- 
figuration not only departed appreci- 
ably from the (111) plane but was 
different in the two specimens. The 
observed dip in the curve as well as the 
disagreement for S10 and S11 may 
reasonably be connected with an 
effect associated with the twin orienta- 
tion even though the boundary is 
removed from a {112} plane. In the 
particular configuration involving two 
grains 1 and 3 with (110) planes in the 
plane of the specimen but differing in 
orientation by 70°32’, the more com- 
plete nature of this effect could be in- 
vestigated by varying the orientation 
of the 1-3 boundary during the forma- 
tion of each three-grain group. 

S5 and S9, with orientations far re- 
moved from any twin position, actually 
illustrate the variation of grain bound- 
ary orientation in the initial samples 
for a constant set of A values. Referring 
to Table 1, the A values for both these 
specimens are seen to be roughly 15, 
25, and 40°. The initial gross angles, 
however, are different except for angle 
6; which was 90° for both specimens. 
(Other grain boundary directions and 
initial gross angles could have been 
formed by varying the direction of 
grain growth in each specimen.) 


The purpose of making two angles jis 
different in S5 and S9 was to have 6, 
increase from 90° in S5 and decrease in 
S9 (if the equilibrium angle was be- 
tween these two values) until the two 
reached a common. value, or the 
equilibrium angle. A converse relation 
would, of course, hold for 6. Lack of 
the anticipated large grain boundary 
movements prevented the measuring 
of the approach toward equilibrium in 
these samples. As far as angles meas- 
ured on a small scale are concerned, 
which finally had to be done, in general 
the initial gross angles probably have 
little significance. 

Lack of agreement for the final 
angles for S5 and S9, although possibly 
due in part to an effect of grain bound- 
ary orientation, may be due to failure 
to reach equilibrium. This view may 
seem unreasonable at first since long 
anneals at high temperatures were 
used in an attempt to reach equilib- 
rium. There is one factor, however, 
which tends to prevent the reaching of 
equilibrium conditions as required in 
the application of Eq 1. Inclusions in 
a metal exert a constraining force to 
grain boundary movement, as Smith! 
(see Ref. 24) pointed out in connection 
with the work of Zener. It was further 
indicated that, under certain condi- 
tions, inclusions should completely stop 
boundary movement. 

With regard to a maximum point on 
the surface tension curve, it can only be 
said that one should occur between 
zero and 70° if there is a marked 
dropping off of surface tension near 70°. 
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Considering all nine specimens, and 
the possibility of some effect of grain 
boundary orientation, the general con- 
sistency of the trend of variation of y 
with A (especially in the range 15 to 
45° where more points have been 
obtained) indicates that the effect of 
inclusions in general probably was not 
too serious. Nevertheless, it would 
be very desirable to use material 
of the highest possible purity to in- 
sure the attainment of better equilib- 
rium conditions. 

Although inclusions may stop a 
strongly curved grain boundary from 
moving further, the grain boundary 
orientation effect may also lead to a 
curved surface in order to produce a 
minimum energy configuration (this 
was also discussed by Smith!). With 
reference to the application of the 
present technique, consider a_ two- 
grain specimen with the grain bound- 
ary ends anchored and having grains 
with the same crystallographic plane 
in the plane of the sheet. If the grain 
boundary surface tension y is high for 
the straight grain boundary compared 
to other directions, then a curved 
boundary could correspond to lower 
energy. We have here the case of 
minimizing the total energy obtained 
from the product of boundary area and 
surface tension, which may be ex- 
pressed as follows: 


Total grain boundary energy 
= fay do 


where do is an element of surface area 
and the integration is carried out over 
the entire boundary surface o. The 
surface tension y, of course, is con- 
sidered to vary from point to point on 
the surface with orientation of the 
surface element do. A minimization of 
grain boundary energy would be valid 
only when relative sizes of the two 
grains produce no additional effect 
on total (internal plus surface) energy. 

In any case, the nature of variation 
of surface tension with grain boundary 
orientation should be determined in 
order to obtain a clearer picture of the 
effect of orientation difference on 
surface tension. In the case of three- 
' grain groups with common (110) 
planes, the curve for small values of A 
should be investigated more com- 
pletely. Finally, three-grain groups 
with other crystallographic planes in 
the plane of the specimen should also 
be investigated and the results of sur- 
face tension measurements put on a 
common relative basis with those of 
the (110) series. 
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If relative surface tensions vary with 
particular orientation differences, as 
Fig 10 would indicate is actually the 
case, then some fundamental relation- 
ships may be found between surface 
tension data and recrystallization data 
involving orientation relationships. In 
this connection it is interesting to 
point out some possible correlations, 
using the shape of the curve in Fig 10 
and published facts on recrystalli- 
zation in silicon ferrite. Dunn® re- 
ported a rapid rise in the number of 
recrystallization nuclei with orientation 
difference for A in the range 10 to 20° 
and no nuclei with small A values. 
Referring to Fig 10 we note a similar 
rapid rise in the surface tension start- 
ing with small values of A. Secondly, 
the data on recrystallization nuclei 
show a maximum number of nuclei for 
A equal to approximately 25° with 
nuclei also having a {110} plane com- 
mon with the original deformed grain 
(see Fig 8 of Ref. 6 for curve). The 
curve of surface tension versus A (Fig 
10) has a maximum in this same region 
of orientation difference. However, 
until other crystallographic relation- 
ships are investigated and all values of 
surface tension are compared, the 
coincidence of maximum points prob- 
ably should not be considered too 
significant. On the other hand some 
relationships involving either the ease 
of forming a nucleus or the ability of a 
nucleus to grow more rapidly in a de- 
formed single crystal because of special 
orientation relationships is expected. 

Experimental data on surface ten- 
sions are needed, of course, for applica- 
tion to the problem of grain growth 
following recrystallization, especially 
under conditions where recrystalliza- 
tion textures depart from random 
textures. Further, a strong texture 
material should have lower total grain 
boundary energy per unit volume than 
a random texture material provided 
both materials have the same grain 
size and provided the initial part of the 
curve of relative surface tension does 
not rise too rapidly to some approxi- 
mate constant value. A curve of rela- 
tive surface tension having the form 
shown in Fig 10 would indicate an 
appreciable dependence of energy on 
texture. 


Summary 


1. Eleven flat specimens of silicon 
ferrite each composed of three grains 
were prepared having (110) planes in 


the plane of the samples. The common 
grain boundary point of the three 
grains was centrally located. 

2. Each sample was annealed for 
long periods of time in the temperature 
range 1300-1400°C until further change 
in grain boundaries seemed unlikely 
and equilibrium angles apparently had 
been obtained. 

3. After annealing, the grain bound- 
ary angles were measured and the 
relative surface tensions calculated. 
Since each group of grains contained a 
similar type of boundary (one where 
the grains had a 15° difference in 
orientation) it was possible to calculate 
all surface tensions on a common basis. 

4, A curve was obtained showing the 
variation of relative surface tension 
(relative energy in the grain boundary 
per unit area) with difference in crystal 
orientation. 
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Solubility Relationships of the 


Refractory Monoearbides 


JOHN T. NORTON* Member AIME and A. L. MOWRY* 


THE monocarbides of the A subgroup 
elements in the fourth and fifth group 
of the periodic table in addition to being 
hard and refractory are of special 
interest in that they are isomorphous in 
crystalline structure. They are cubic 
with a sodium chloride type structure 
in which the metal atoms are essentially 
close packed in a face-centered cubic 
arrangement with the carbon atoms 
placed in the interstices between. 

Interstitial structures of this close 
packed type were first investigated 
systematically by Hagg! and he gave 
the rule for their formation, stating 
that the radius ratio of the nonmetal 
to the metal atom should not exceed 
the value of 0.59. The carbides of 
interest are those of titanium and 
zirconium of the fourth group and 
vanadium, columbium and tantalum 
of the fifth group. Table 1 shows the 
radius ratio using the Goldschmidt 
radii for 12 coordination for the metal 
atoms and the diamond radius for the 
carbon atom. 

It will be noted that while there is 
considerable variation in the size of the 
metal atom, in all cases the ratio is 
smaller than the limit of 0.59 placed by 
Hage. 

It has been known for some time that 

_ these cubic carbides are soluble in one 
another, at least to some extent or, in 
other words, the metal atoms can be 
replaced, one by another without 
destroying the stability of the struc- 
ture. Since the stability of these close 
packed interstitial substances appears 
to depend more upon geometry than 
upon the exact chemical nature of the 
atoms involved, it is of interest to 
examine the possibilities of replacement 
in these carbides in some detail. 

Hume-Rothery? has pointed out the 

importance of the difference in size of 
solute and solvent atom as a factor in 
limiting the solubility in simple binary 
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Table 1 . . . Radius Ratio for Metal 
Atoms and Diamond Radius for 
Carbon Atom 


Radius, Radius, Radi 
Metal Metal, Carbon, Rh TS 
ALU. ALU. aie 
Vi 1.35 0.76 0.56 
ay 1.46 0.76 0.52 
Cb 1.47 0.76 0.52 
Ta 1.47 0.76 0.52 
Zr 1.60 0.76 0.48 


solid solutions. Largely on an empirical 
basis, he states that if the difference in 
size between solvent and solute atom 
is more than 14-15 pct of the solvent 
atom, the range of solubility is very 
restricted. The atom size was based on 
the distance of closest approach in the 
elements involved. While there is some 
question as to how one should calculate 
the size of the metal atom in the carbide 
structures, reference to Table 1 will 
show that zirconium is the largest and 
vanadium the smallest of the group and 
that the difference is about 15 pct. The 
Ti-Zr difference is about 9 pct and the 
others are smaller. Thus one would 
predict that if the size factor controls 
the solubility, all of the pairs except 
VC-ZrC would have wide or complete 
solubility whereas this latter pair is on 
the border line and might have re- 
stricted solubility. 

The purpose of the present investi- 
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gation was to examine the solubility 
of the several pairs of carbides by heat- 
ing them together until equilibrium 
was established and then examining the 
product by X rays. 


Previous Work 


Agte® and his associates prepared 
various transition metal carbides and 
determined the melting points of 
binary mixtures. He concluded from 
the shapes of the melting point curves 
that there was extensive solubility in 
the case of the cubic carbides. 

Umanskii‘ and his colleagues made 
an investigation of a number of pairs of 
the cubic carbides, using X rays and 
plotted lattice parameter vs. composi- 
tion curves for the systems TaC-TiC, 
CbC-TiC, TaC-ZrC and CbC-ZrC. All 
pairs showed a continuous series of 
solid solutions. The first two pairs gave 
a linear relation while the latter two 
showed a negative deviation from 
Vegard’s law. 

Kiefer and Nowotny,® in a paper 
which became available after the pres- 
ent work was well advanced, investi- 
gated the binary pairs of the five cubic 
carbides by means of X rays. Rela- 
tively few points were obtained and 
results indicated that in some cases, at 
least, equilibrium was not reached at 
the temperatures used. The results 
indicated that solubility in the VC-ZrC 
system was not complete. All of the re- 
sults of previous investigations indi- 
cated the desirability of a more 
detailed study. 


Materials 


The raw materials used were mono- 
carbides of titanium, zirconium, vana- 
dium, columbium and tantalum and 
were the purest which could readily be 
obtained commercially. Spectrographic 
qualitative analysis showed that the 
CbC and TaC contained less than 1 pct 
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FIG 1—Lattice parameter vs. composition curve for the carbide pairs, CbC-TiC, Cb-VC, 


of other metals. The TiC showed the 
presence of appreciable amounts of Cr, 
Fe, Si, V and Zr; the VC contained B, 
Cr, Fe, M and Si while the ZrC con- 
tained appreciable amounts of B, Fe 
and Ti. All were somewhat deficient in 
combined carbon content. The results 
of the investigation were such that the 
presence of these impurities does not 
influence the validity of the conclusions. 


Experimental Procedure 


Heating of the carbide mixtures was 
carried out in a high frequency vacuum 
furnace of conventional design, using a 
graphite crucible. Temperature was 
measured with a calibrated optical 
pyrometer sighting through a small 
tube in the crucible cover directly on 
the central specimen of the charge. 
Temperature was maintained by man- 
ual control during the heating runs 
within a limit of +20°C. 

The individual carbides were mixed 
with additional carbon to correct the 
deficiency and heated in vacuum at 
2100°C for 3 hr to recarburize and to 
volatilize some of the impurities. These 
carbides were then carefully weighed 
out and mixed in pairs at 10 molecular 
pet intervals. The mixing was done in a 
small stainless steel ball mill using 
benzene as a dispersing agent. Excess 
carbon powder was added as well as 1 
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TiC-TaC, and VC-TaC. 


pet of powdered cobalt to act as a 
diffusion aid during sintering. After 
mixing, the powders were pressed into 
small slugs and sintered. 

The sintering was carried out at 
2100°C in the vacuum furnace for a 
period of 3 hr in order to obtain an 
equilibrium state and then cooled in 
the furnace. During this treatment 
practically ali of the cobalt was 
evaporated from the specimens. Equi- 
librium was judged from the appear- 
ance of the X ray diffraction lines which 
were sharp with well resolved alpha 
doublets after this treatment. A one 
hour treatment at temperature ap- 
peared to be sufficient in most cases but 
the longer treatment was used to make 
certain. 

It was not possible to analyze all 
specimens after sintering but certain 
specimens selected at’ random and 
analyzed chemically for the metal 
content showed that the compositions 
as mixed and after sintering, did not 
differ by more than an amount corre- 
sponding to +2 molecular pct. 

The X ray examination was carried 
out using radiation from a copper tar- 
get and a Phragmen type focusing 
camera which covered the angular 
range from 45 to 83°. The powder speci- 
mens were prepared by crushing the 
sintered slugs, grinding in a mortar and 
mounting the fine powder on paper 
strips with adhesive. Some observa- 


tions of relative line intensities were 
also made with the Norelco recording 
X ray spectrometer. 

The X ray wavelength values used in 
calibrating the cameras and calculating 
the lattice constants were as follows: 


Copper K beta —1.39217 A. U. 
K alpha 1—1.54050 A. U. 
K alpha 2—1.54434 A. U. 


Thus the lattice constant values are 
in true Angstrom units. It must be 
remembered when comparing results 
with previous work that slightly differ- 
ent values of the wavelengths may 
have been used in the past. 


X ray Results: 


The structures of the individual car- 
bides were all of the NaCl type with 
metal atoms at coordinates 0, 0, 0; 
0, 4%, ; &, 0, 4; %, , 0. The 
carbon atoms undoubtedly are at 
coordinates 0, 0, 14; 0, 14, 0; 4, 0, 0; 
lg, 14, 44; although no attempt was 
made to verify this conclusion in the 
present research. 

The lattice parameters of the indi- 
vidual carbides are given in Table 2. 


Table 2... Lattice’ Parameters of 


Individual Carbides 
CarsBipE PARAMETER IN A.U. 
ZrC 4.689 +0.001 
CbC 4.470 0.001 
TaC 4.457 0.001 
AKC; 4.329 0.001 
VC 4.169 0.001 
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FIG 2—Lattice parameter composition curves for the carbide pairs, ZrC-TaC, CbC-ZrC, 


A higher precision in the determina- 
tion of the parameters of the individual 
carbides is not warranted in view of the 
small amounts of impurities present. 

With the exception of the VC-ZrC 
series the X ray photograms of all of 
the other sintered binary pairs showed 
the presence of only a single phase 
having the same NaCl structure as the 
individual carbides but with varying 
lattice parameters. Fig 1 and 2 show 
graphically the variation of lattice 
parameter with composition of the 
carbides taken in pairs. It will be ob- 
served that the values lie on smooth 
continuous curves which depart only 
slightly from straight lines indicating 
uninterrupted series of solid solutions 
in each case. 

The exception is the VC-ZrC system, 
the results of which are shown in Fig 3. 
Here all of the intermediate composi- 
tions between 10 and 90 molecular pct 
show two cubic phases of constant 
parameter having values close to the 
individual carbides. This indicates very 
limited solubility. 

At the VC end of series, the lattice 
constants of the smaller cubic phase in 
the two-phase field is the same as that 
of VC, within experimental error. A 
specimen containing 4 molecular pct 
ZrC. is definitely two-phase. Thus the 
solubility of ZrC in VC is certainly less 
than 4 pct and probably less than 1 pct. 

At the ZrC end of the series, a defi- 
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CbC-TaC, and TiC-ZrC. 


nite but small solubility is indicated 
since in the two-phase region, the 
larger cubic phase has a parameter of 
4.674 A. U. while that of ZrC is 4.689 
A. U. An alloy containing 6 pct VC is 
two phase. If Vegard’s law applies, the 
solubility would be 4 pct VC. One may 
conclude that the actual value of solu- 
bility of VC in ZrC at 2100°C is ap- 
proximately 5 molecular pct. Carbides 
of higher purity would be necessary to 
obtain a more precise value. 


Discussion of Results 


The experimental results on the 
several pairs of carbides show clearly 
the limit placed on solubility by the 
size factor. A quantitative expression 
of the size factor depends upon the 
method of defining the atom size. One 
method is to employ the Goldschmidt 
atomic diameters, obtained from the 
distance of closest approach in the 
elements and corrected to a coordina- 
tion number of 12. Another method is 
to assume that the metal and carbon 
atoms are in contact along the cube 
edge and that the carbon atom has a 
diameter which is constant for all of 
the carbides at a value equal to that 
in the diamond. The metal atom diam- 
eter is then calculated from the meas- 
ured lattice parameter. Still a third 
method is to calculate the metal-to- 
metal atom distance in the carbide 


based on the measured lattice param- 
eter. Table 3 shows a comparison of 
these methods of calculation. 


Table 3... Atomic Diameters of 
Metal Atoms in A.U. 
Metal Di D2 Ds; 
Vv 2.69 2.66 2.95 
Ti 2.93 pat Pe 3.06 
Ta 2.94 2.95 3.15 
Cb 2.94 2.96 3.16 
Zr 3.19 3.18 Sao 
D: = Diameter from element corrected to co- 


ordination number of 12. 

Dz = Diameter from carbide assuming carbon 
diameter of 1.511 A. U. 

D3 = Distance of closest approach of metal atoms 
in carbide. 

A comparison of these values shows 
that in the carbides, the metal atoms 
have closely the same size as in the 
metals themselves and that in the car- 
bides they are not quite closely packed 
but are pushed apart slightly by the 
carbon atoms. The exception is TiC 
where the diameter of the Ti atom in 
the carbide is definitely smaller than 
in the metal. No explanation suggests 
itself for this fact. 

Using the value of D, in Table 3 one 
can calculate the percentage size dif- 
ferences for the several carbide pairs. 
The results are shown in Table 4. 

Thus it can be seen that in this series 
of solid solutions in which the chemical 
properties of the elements are very 
similar but the size factor varies, ex- 
tended solubility is possible if the 
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FIG 3—Lattice parameter composition curves for the carbide pair VC-ZrC. 


4... Size Difference in 


Carbide Pairs 


Table 


Difference in 
Pct Larger 
as Solvent 


Difference in 
Pct Smaller 
as Solvent 


Carbide Pair 


16 

12 11 

11 10 

10 9. 

TaC-ZrC 7 7 
Kd 6 

6 5 

5 4 

4 4 

0 0 
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rs 


TaC-CbC 


difference in size of solute and solvent 
is 13 pet of the size of the solvent. If 
this figure increases to 16 pct the solu- 
bility is very restricted as in the 
zirconium-rich end of the VC-ZrC 
system and is practically zero at 21 pct 
which is the vanadium-rich end of this 
same system. This is in good agreement 
with the rule found for simple binary 
solid solution alloys. 

The lattice parameter composition 
curves for the binary carbide pairs 
which form continuous series of solid 
solutions show slight variations from 
the linear relation required by Vegard’s 
law. In the systems TiC-VC and 
CbC-TaC, the line is _ practically 
straight. Systems CbC-TiC, CbC-VC, 
TaC-TiC, TaC-VC and TiC-ZrC show 
a positive deviation. Systems CbC-ZrC 
and TaC-ZrC show a negative devia- 
tion. The maximum deviation occurs 
at a composition of about 50 molecular 
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pet, the maximum positive value being 
0.72 pet in the TaC-VC system and the 
maximum negative value being 0.40 pct 
in the TaC-ZrC system. At the present, 
no particular significance can be as- 
signed to these small deviations. 

There is no evidence in the sintered 
solid solution alloys that the distribu- 
tion of the two kinds of metal atoms on 
the face-centered cubic lattice is other 
than random. Calculated and observed 
X ray line intensities are in good agree- 
ment on this basis and no superstruc- 
ture lines have been observed. It is 
possible, however, that ordering might 
be induced by heating for long periods 
in the temperature range around 1500- 
1800°C. The system most likely to show 
ordering would be the TiC-ZrC system 
since this is the largest size difference 
for complete solubility. The composi- 
tion ratios 3-1 and 1-3 should be 
examined since these compositions are 
favorable for the face-centered cubic 
lattice. The difference in atomic num- 
ber should make it possible to recognize 
the existence of order in the structure 
by means of X rays. 

The possibility other than ordering 
is that a solubility gap may exist at 
temperatures lower than 2100°C. Here 
again the TiC-ZrC system would be 
the most likely one. These two points 
are now under investigation. 

Since the solubility of one carbide in 
another is limited by the change in 


lattice energy resulting from the strain 
produced by the misfit of the atoms, it 
is interesting to speculate about what 
would happen in the case of a ternary 
solid solution. For instance, suppose a 
mixture of equal parts of VC and ZrC, 
which are quite insoluble in one another 
were mixed with increasing amounts of 
TaC which has a metal atom size about 
halfway between the two and is capable 
of completely dissolving both. How 
much TaC would be required before a 
single homogeneous phase could be 
formed? Experiments to investigate 
this situation are in progress. 


Conclusions 


1. The monocarbides of the elements 
titanium, zirconium, vanadium, colum- 
bium and tantalum are isomorphous 
and have a sodium chloride type 
structure. 

2. The binary carbide systems, TiC- 
ZrC, TiC-VC, TiC-CbC, TiC-TaG, 
ZrC-CbC, ZrC-TaC, VC-CbC, VC- 
TaC, CbC-TaC form continuous series 
of solid solutions. 

3. The binary carbide system ZrC- 
VC shows very small solubility, the 
limits at 2100°C being 5 pct at the 
zirconium-rich end and less than 1 pct 
at the vanadium-rich end. 

4. The parameter-composition 
curves show only slight deviations from 
Vegard’s law but both positive and 
negative deviations are found. 

5. The maximum size difference be- 
tween atom diameters expressed in 
percent of the solvent atom diameter 
for extended solubility is 13 pct. The 
minimum value for very restricted solu- 
bility is 16 pct. 

6. In the solid solution, the metal 
atoms are distributed at random on the 
points of the metal lattice. 
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Pressure Distribution in 


POL DUWEZ* and LEO ZWELL* 


Introduction 


IN recent years, the problem of 
pressing metal powder in a die has re- 
ceived much attention. The question 
has been the object of a Symposium 
held in New York in March 1947 under 
the sponsorship of the AIME; an ex- 
cellent review of the subject may be 
found in Ref. 1. Various experimental 
techniques have been used to study the 
behavior of the powder in a die cavity. 
Two methods have been particularly 
successful; one consists of measuring 
the density distribution?’ and the other 
makes use of a lead grid in the powder 
during pressing.* In the present study, 
the pressure at various points on the 
bottom and the sides of a die 1.50 in. 
in diam was measured by means of 
small piston dynamometers and re- 
sistance sensitive strain gauges. In 
order to correlate the results with 
previous investigations, the pressure 
distribution inside the compact has also 
been determined by an indirect method 
based on density measurements. 


Strain Gauge Measure- 
ments of Pressure on 
Side and Bottom 
of Die 


A schematic drawing of the die used 
for measuring side pressures is shown 
_ in Fig 1. The pressure gauge consists of 
a 0.25-in. diam piston A which trans- 
mits the pressure to a dynamometer 
B, on which two Baldwin Southwark 
type A-14 strain gauges are fastened 
180° apart. Because the installation of 
several dynamometer assemblies along 
the side of the die would have been 
difficult, the pressure distribution was 
obtained in successive tests in which 
the distance from the. gauge to the 
bottom of the compact was adjusted 
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FIG 1—Experimental die for measuring side pressure. 


to different values by changing the 
length of the bottom piston. The 
dynamometer, disassembled from the 
die, was calibrated under compressive 
loads and showed a 1.00 ohm change of 
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resistance for every 15,300 psi change 
of pressure (750 lb load change). 

All the strain gauge measurements 
were made with a null type Leeds and 
Northrup Wheatstone bridge. The sen- 
sitivity of the method was better than 
1 pet and the accuracy was within 2 
pet. These values were considered satis- 
factory in view of the rather large 
scatter in the measurements intro- 
duced by the random variation in 
packing the powder in the die. The 
stable ambient conditions and short 
time involved in the taking of obser- 
vations made temperature compensa- 
tion unnecessary. 

The pressure distribution on the bot- 
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FIG 2—Pressure gauges on fixed piston. 


tom of the die was determined with five 
dynamometers, as shown in Fig 2. The 
dynamometers were 0.25 in. in diam, 
1.5 in. long, and had a I in. center 
length ground to 0.125 in. in diam. One 
Baldwin Southwark type C-7 strain 
gauge was pasted on each dynamom- 
eter. Under maximum loading, the 
elastic deformation of the dynamom- 
eters caused a relative displacement of 
about 0.0045 in. between the surface 
of the gauges and that of the bottom 
piston. In order to eliminate this 
source of error, an-aluminum plug, 1.5 
in. long, was placed under the piston 
with five steel inserts on which the 
dynamometers rested. Since the dis- 
placement of the aluminum plug with 
respect to the steel inserts compensated 
for the displacement of the dynamom- 
eters with respect to the bottom piston, 
the relative motion of the dyna- 
mometers to the bottom piston was 
negligible. 

The average pressure acting on the 
fixed piston was measured by means of 
a strain gauge arrangement, shown in 
Fig 3. Four strain gauges, Baldwin 
Southwark type A-7, were attached 
around the dynamometer member of 
the piston. A calibration curve of 
gauge resistance with pressure was 
made by applying increasing loads with 
the moving piston acting directly on 
the fixed one. 


PRESSURE ON THE SIDE OF A DIE 


The copper powder used in the ex- 
periments was type MD-51 from 


138... METALS TRANSACTIONS 


Metals Disintegrating Co., Elizabeth, 
N. J. The stainless steel powder was 
the 18-8 standard grade made by Un- 
excelled Chemical Co., New York 
City. The particle size distribution of 
the powders is given in Table 1. 


Table 1... Particle Size Distri- 
butions of Metal Powders 


Weight of Particles in 


Each Size Fraction 
Screen Size (per cent) 
(mesh) 
Between and 
Copper 18-8 pisuless 
35 60 0.8 
60 100 88.2 1,2 
100 150 5.8 aes 
150 200 1,2 7.0 
200 325 1.0 24.4 
through 325 3.0 62.0 


The pressure on the side of the die 
was measured for both powders. For 
each location of the gauge with re- 
spect to the fixed piston, the applied 
pressure was increased in steps of 
10,000 psi up to a pressure of 60,000 
psi and in steps of 5000 psi up to a 
pressure of 100,000 psi. A family of 
curves of side pressure vs. applied 
pressure was then obtained, each curve 
corresponding to a point at a certain 
distance from the fixed piston. Typical 
curves (only two of each family) are 
shown in Fig 4 for copper and in Fig 
5 for stainless steel. Each point on the 
curve represents the average of at least 
three measurements. 

The results of pressure measurements 
are more conveniently analyzed by 
tracing curves of side pressure ys. dis- 
tance of the gauge from the fixed piston 
for a given compacting pressure. Such 
pressure distribution curves are shown 
in Fig 6 for copper powder and in Fig 7 
for stainless steel powder. Although the 
experimental points are rather scat- 
tered, they seem to fall more or less on 
straight lines. Hence, it may be con- 
cluded that the pressure on the side of 
the die increases almost linearly from 
the bottom to the top of the compact. 

It is significant to note that the side 
pressure measured for copper powder 
is about twice as large as for stainless 
steel. It is probable that the most im- 
portant factor influencing the side 
pressure in a die is the plasticity of the 
powder. A soft powder is likely to flow 
sidewise and produce a higher lateral 
pressure than a hard powder. In order 
to substantiate this statement, side 
pressure measurements were made by 
replacing the powder with a cylinder of 
solid copper. With a fully annealed 
cylinder (Rockwell F30) the side 


pressure was about 50 pct greater than 
that measured with the powder. With 
a hard copper cylinder (Rockwell B47) 
the side pressure was 50 pct less than 
that observed with the powder. These 
results suggest that a systematic inves- 
tigation of the effect of hardness of the 
powder on the side pressure would be 
very worthwhile. 


PRESSURE DISTRIBUTION ON THE 
FIXED PISTON 


A series of measurements was made 
with the five small gauges previously 
described in an attempt to determine 
the variation in pressure along two 
perpendicular diameters of the fixed 
piston. Numerous measurements were 
made with different thicknesses* of 
compact and at various compacting 
pressures. Only a typical set of curves 
is shown in Fig 8 for compacts of 
various thicknesses and a compacting 
pressure of 50,000 psi. The abscissa of 
the graph of Fig 8 is the distance from 
the center of the fixed piston expressed 
as a fraction of the radius of the piston. 
The results indicate clearly that the 


* The word “thickness’”’ refers to the dimen- 
sion measured after the compact was ejected from 
the die. 


FIG 3—Fixed piston gauge for measuring 
average pressure. 
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FIG 4—Variation of side pressure with compacting pressure for copper powder; compact 
thickness 1.15 in., compact diameter 1.51 in. 
(©) 1.0 in. from fixed piston. 
(@) 0.15 in. from fixed piston. 


pressure on the fixed piston decreases 
steadily from the center to the periph- 
ery of the piston. Moreover, as the 
thickness of the compact increases, the 
average pressure on the fixed piston 
decreases, but the shape of the pressure 
distribution curve does not change 
appreciably, at least within the limits 
of thickness to diameter ratios con- 
sidered in these measurements. It is 
also interesting to note that for a thin 
compact (ratio of thickness to diameter 
equal to 0.11 on Fig 8), the pressure at 
the center of the fixed piston is greater 
than the compacting pressure. 

The results of this series of experi- 
ments were substantiated by the 
measurements of the density distribu- 
tion within a compact (See ‘Pressure 
Distribution within a Compact’’). 


AVERAGE PRESSURE ON THE 
FIXED PISTON 


In spite of the fact that the pressure 
is not uniform on the fixed piston, the 
consideration of an average pressure is 
of interest because it introduces simpli- 
fications in both experimental tech- 
nique and interpretation of the results. 
Experiments were therefore made with 
the purpose of relating the average 
pressure on the fixed piston with the 
thickness of the compact. The results of 
measurements are presented in Fig 9. 
In this diagram, the two variables are 
dimensionless, the ordinate being the 
ratio of base pressure to applied pres- 
sure and the abscissa the ratio of thick- 
ness of compact to diameter. These 
results were obtained with copper 
powder at compacting pressures of 
40,000 and 100,000 psi. The scatter of 
the results is relatively large and may 
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be attributed to the difficulty in obtain- 
ing a uniform packing of the powder 
during loading. In spite of the scatter, 
it seems reasonable to conclude that, in 
a first approximation at least, the ratio 
of bottom pressure to compacting 
pressure is a function of the ratio of 
thickness to diameter of compact and 
in the range of pressures from 40,000 to 
100,000 psi does not depend upon the 
compacting pressure. 

The variation of fixed piston pressure 
with the thickness of’a compact is of 
great practical interest, since it shows 
what fraction of the compacting pres- 
sure is actually transmitted to the bot- 
tom of the compact. It is significant to 
note the rather rapid decrease in bot- 
tom pressure with increasing thickness 
of compact. For the copper powder 


used in the present experiments, and 
with a ratio of thickness to diameter 
equal to 1.0, only about 30 pct of the 
compacting pressure is acting on the 
bottom part of the compact. 

The rather simple technique of 
measuring the average pressure on the 
fixed piston seems to be best suited to 
characterize the behavior of a powder 
during compacting. Its use should 
prove of great interest for studying 
quantitatively the effect of lubricants 
added to the powder or sprayed on the 
die walls. 

Several investigators have proposed 
theoretical explanations for the decrease 
in fixed piston pressure with increasing 
compact thickness. The parabolic ex- 
pression given by Unckel® does not give 
a satisfactory agreement with the re- 
sults found in the present investigation. 
The exponential relation derived by 
Taylor® agrees with the results only for 
compacts having a thickness to diam- 
eter ratio less than one. 


Pressure Distribution 
within a Compact 


The pressure distribution within a 
compact was determined by an indirect 
method, based on the relation between 
the local density within the compact 
and the compacting pressure that 
would be required to obtain such a 
density. A calibration curve of density 
vs. compacting pressure was first ob- 
tained by pressing \-in. thick com- 
pacts at various pressures and measur- 
ing their densities. In spite of the 
relatively small ratio of thickness, to 
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FIG 5—Variation of side pressure with compacting pressure for stainless steel powder; 
compact thickness 1.27 in., compact diameter 1.51 in. 
(©) 1.0 in. from fixed piston. 
(@) 0.15 in. from fixed piston. 
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FIG 6—Pressure distribution on the side of a 
die for copper powder under various compacting 
pressures; compact thickness 1.15 in. 


diameter of these compacts (0.083), the 
strain gauge pressure measurements 
showed a base pressure about 6 pct 
smaller than the compacting pressure. 
An average pressure was then taken 
for tracing the calibration curve. Such 
a curve is shown in Fig 10 for copper 
powder. The densities of successive 
layers in a thick compact were obtained 
by facing off cross-sections of the com- 
pact and computing their densities 
from the dimensions and weights of the 
compacts before and after machining. 
In order to eliminate errors due to 
machining, some compacts were faced 
from top to bottom, others from bot- 
tom to top, and still others from both 
ends to the center. 

The radial distribution of density 
was determined by turning down the 
diameter of compacts in steps of 0.20, 
0.25, 0.35, and 0.70 in. for thicknesses 
varying from 4 to 14 in. and comput- 
ing the densities of these machined 
cylindrical sections. The densities of 
the compacts and sections were com- 
puted with an uncertainty of about 1 
pet and the uncertainty in the pressure 
values was estimated to be about 6 pct. 

The pressure distribution in the ver- 
tical direction is shown in Fig 11 for a 
series of compacts pressed at 100,000 
psi. The different symbols used on this 


140...... METALS TRANSACTIONS 


SIDE PRESSURE (I0° Ib/sq in.) 


0.8 1.0 


(0) 0.2 


0.4 0.6 0.8 1.0 1.2 
DISTANCE FROM FIXED PISTON (in) 


FIG 7—Pressure distribution on the side of a die for 
stainless steel powder under various compacting pressures; 
compact thickness 1.27 in. 


graph refer to specimens having various 
thicknesses after compacting. The 
ordinate of the diagram is the ratio of 
the average effective pressure in a given 
section of the compact to the applied 
compacting pressure. The abscissa is 
also a ratio, obtained by dividing the 
distance between a section of the com- 
pact and the moving piston by the 
diameter of the compact. This method 
of presenting the data has the ad- 
vantage of dealing with dimensionless 
parameters. The rather large scatter in 
experimental results (See Fig 11) is 
probably due mostly to the nonuniform 
distribution of the powder in the die 
before pressing. In spite of the scatter, 
the results indicate that the pressure 
distribution is about the same for all 
compacts, regardless of thickness. 

As expected, the average pressure 
decreases steadily from the top to the 
bottom of the compact. It is interesting 
to note, however, that for a ratio of 
thickness of compact to diameter 
greater than approximately 1.0, the 
pressure tends to decrease slowly, and 
approaches a value equal to about 20 
pet of the applied pressure on the 
moving piston. 
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FIG 8—Pressure distribution on fixed 


piston for copper compacts of various 
thickness to diameter ratios. 


(©) 0.11, (1) 0.35, (x) 0.61, (+) 0.88. 
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PRESSURE RATIO 


THICKNESS —- DIAMETER RATIO 


FIG 9—Ratio of average pressure on fixed piston to compacting pressure vs. ratio of thickness 
to diameter of copper compacts; compacting pressure 100,000 (©) and 40,000 ( x) psi. 


SPECIFIG GRAVITY 


) 20 40 60 80 100 
COMPACTING PRESSURE (I0° Ib/sq in.) 


FIG 10—Calibration curve relating density and compacting 
pressure of copper powder. 
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FIG 11—Pressure distribution in copper compacts of various thicknesses; compacting 
pressure 100,000 psi. 
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A comparison of the results in Fig 9 
and 11 shows that there is satisfactory 
agreement between the values of the 
pressures on the fixed piston measured 
by strain gauges and the values of 
the pressures at equivalent depths of 
compacts determined from density 
measurements. The small difference 
observed in the two figures (the fixed 
piston measurements being slightly 
higher) may be due to the different 
radial pressure distributions in the two 
cases and to the different character of 
the contact layer; that is, at the fixed 
piston the powder is pressed against a 
solid support, while within the compact 
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(VY) 1.5 in, (X) 2.4 in. 


the powder is pressed against a soft 
support. 

Additional results were obtained at 
pressures of 80,000 and 40,000 psi. In 
this case, it was possible to use longer 
compacts, for which the ratio of thick- 
ness to diameter was about 3.4. The 
results presented in Fig 12 indicate that 
the pressure distribution curves are 
reasonably close to the average curve 
obtained for 100,000 psi. The tendency 
for the pressure to level off in the bot- 
tom portion of long compacts, already 
mentioned in connection with the 
measurements made at 100,000 psi, is 
still more apparent from the graph of 


Fig 12. It seems reasonable to conclude 
that in the range of pressures of 40,000 
to 100,000 psi, the pressure distribu- 
tions in the die are similar. This result 
cannot be extrapolated to lower pres- 
sures. It was found, for example, that 
for a compacting pressure of 15,000 psi 
(See Fig 13), the pressure distribution 
curve does not fall as rapidly as for 
higher compacting pressures. This ob- 
servation agrees with a_ generally 
recognized fact, that at low compacting 
pressures the uniformity of pressure 
(or density) in the longitudinal direc- 
tion of a cylindrical compact, is rela- 
tively better than at high compacting 
pressures. 

The pressure distribution in the 
radial direction and at various depths 
within a compact was also investigated 
by the density method. The results are 
rather complex, because the three 
dimensional pattern of pressure dis- 
tribution depends on the thickness of 
the compact, and changes continuously 
as the compacting pressure increases. 
The results obtained with three com- 
pacts of different thicknesses and a 
compacting pressure of 100,000 psi are 
presented in Fig 14, 15, and 16. For all 
three specimens, the effective pressure 
near the moving piston is much higher 
at the outer circumference of the com- 
pact than at the center. This non- 
uniformity in pressure distribution 
decreases with the thickness of the 
compact and disappears at some dis- 
tance from the top. In approaching the 
fixed piston, the situation is reversed, 
and the pressure decreases from center 
to periphery. This last observation is in 
agreement with the pressure measure- 
ments made with the five gauges on the 
fixed piston previously described. By 
comparing the graphs of Fig 14, 15, and 
16, it is evident that the uniformity of 
pressure on the fixed piston is better for 
thicker compacts. This uniformity is 
obtained at the expense of the average 
pressure, which is, of course, very low 
on the bottom of a thick compact. 

Additional measurements made with 
a compacting pressure of 50,000 psi did 
not alter essentially the shape of the 
pressure distribution curves obtained 
for 100,000 psi. It is probable that for 
low pressures of the order of 10,000 or 
20,000 psi the distribution of pressure 
is more uniform. At low pressures, how- 
ever, density measurements were diffi- 
cult because of the lack of strength of 
the compacts. 

An attempt was made to represent 
the distribution of pressure within a 
compact by tracing lines of equal pres- 
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FIG 12—Pressure distribution in copper compacts pressed at 80,000 (©) and 
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FIG 14—Radial pressure distribution in a 
copper compact 2.5 in. thick for a compact- 
ing pressure of 100,000 psi. 

Distance from moving piston: 

(©) 0.12 in. (()) 0.63 in. (V) 1.72 in. 
(A) 0.37 in. (X)0.94in. (@) 2.2 in. 
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The results of the present investi- 
gation of radial and longitudinal dis- 
tributions of pressure agree in general 
with those obtained by Kamm, Stein- 
berg and Wulff with the use of a lead 
grid in the powder during pressing.‘ 


Summary and Conclusions 


The experiments described in this 
paper have established the possibility 
of using resistance type strain gauges 
for measuring the pressure distribution 
on the walls and on the fixed piston of a 
die. The pressure on the walls in a 
cylindrical die varies almost linearly 
from the bottom to the top of the com- 
pact. On the fixed piston, the pressure 
decreases from the center to the pe- 
riphery. The average pressure acting 
on the fixed piston or the die was also 
measured by a very simple strain gauge 
technique. 

An interesting curve characterizin 
the behavior of the powder was ob- 
tained by plotting the ratio of the 
pressure on the fixed piston to the com- 
pacting pressure vs. the ratio of thick- 
ness to diameter of the compact. 

The distance from the moving piston 
appears to be the basic factor determin- 
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FIG 13—Pressure distribution in a copper 
compact pressed at 15,000 psi. 
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FIG 15—Radial pressure distribution in a 
copper compact 1.2 in. thick for a com- 
pacting pressure of 100,000 psi. 

Distance from moving piston: 

(©) 0.06 in. (A) 0.19 in. (xX) 0.89 in. 
(LJ) 1.01 in. (VV) 1.14 in. 
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FIG 16—Radial pressure distribution in a 
copper compact 0.64 in. thick for a com- 
pacting pressure of 100,000 psi. 

Distance from moving piston: 

(OC) 0.06 in. (VY) 0.16 in. 
([) 0.45 in. (xX) 0.58 in. 


ing the magnitude of effective pressure 
at any section of a compact; that is, 
variation of base pressure measurement 
with thickness of compact (distance 
from moving piston) agrees reasonably 
well with the variation of effective 
compacting pressure with depth of 
compact (distance from moving piston). 

There is a radial distribution of 
pressure at the top and bottom of the 
compacts. Near the moving piston, the 
pressure is high at the outer edge and 
decreases towards the center. At the 
fixed piston, the pressure is higher at 
the center of the compact and de- 
creases. towards the outer edge. While 
the radial distribution at the top is 
always present, the radial distribution 
at the base of the compact decreases 
with increasing thickness of compact 
until it vanishes, in the case of copper, 
at a thickness to diameter ratio of 
about 1.5. 
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Preferred Orientation in Rolled 


and Reerystallized Beryllium 


A. SMIGELSKAS* and C. S. BARRETT,; Member AIME 


THERE have been no publications of 
the deformation and recrystallization 
orientations of the metal beryllium, yet 
pronounced textures would certainly 
be anticipated since it is close-packed 
hexagonal in structure. Having an 
axial ratio approximately that of mag- 
nesium, beryllium probably deforms by 
nearly the same slip and twinning 
mechanisms that operate in magne- 
sium, and the textures are likely to be 
similar or but slightly different from 
the magnesium textures. In the tests 
reported below this is found to be the 
case; the textures are found to differ 
from those of magnesium only in the 
details of the scatter from the average 
orientation. 

This report covers not only samples 
rolled at room temperature, but some 
rolled at elevated temperatures. Since 
magnesium has been suspected by some 
investigators of altering its crystallo- 
graphic deformation mechanism at 
elevated temperatures, if was con- 
sidered possible that beryllium might 
do so and alter its textures accordingly. 
No pronounced alterations were found, 
however. Unfortunately, the theory of 
deformation textures is not in a state of 
development that permits one to de- 
duce the deformation mechanism from 
a knowledge of the textures, which 
means that the similarity of textures at 
different rolling temperatures, reported 
here, cannot be taken as definite evi- 
dence that the deformation mechanism 
is actually the same at all temperatures. 
The general similarity of the deforma- 
tion textures of magnesium and beryl- 
lium also extend to the recrystallization 


textures of the two metals, judging by 


the pole figures for recrystallized sheet 
presented in this report. 
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Methods 


Samples were prepared in the form 
of composite sheets made up of small 
pieces stacked in a pile. Each piece was 
trimmed with scissors so that an edge 
was parallel to the rolling direction, 
dipped in paraffin, and assembled into 
the pack by aligning it under the cross 
hair of a microscope. As the desired 
orientation was obtained on each piece 
it was secured in place by touching with 
a hot wire to melt the paraffin. A stack 
of ten or fifteen pieces was built up in 
this way, then trimmed to the shape of 
a T; the portion to be X rayed was then 
etched to the shape of a wire about 
0.045 in. diam with 6N HCl. This 
method of shaping the sample is a 
modification of that used by Bakarian 
on magnesium.! The absorption of the 
rays in the sample was so slight that it 
caused no difficulty in interpreting the 
films. 

Exposures were made with a 0.030 in. 
diam pinhole, using molybdenum radi- 
ation (40 kv, 25 ma, Type A film at 5 
cm, 2 to 3 hr exposures). With the 
recrystallized specimens it was found 
necessary to oscillate the specimen so 
as to reduce the spottiness of the lines. 
A range of oscillation of 5° was suffi- 
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cient to produce reasonably satisfac- 
tory patterns, though the quality was 
somewhat inferior to that of the de- 
formation texture patterns, and only 
two degrees of intensity were read from 
the arcs on the films. Typical photo- 
grams for each of the deformation tex- 
tures and the recrystallization texture 
are assembled in Fig 1. 

The pole figures were plotted in the 
usual way with the intensity of the 
various portions of the diffraction rings 
estimated by eye. Seven to nine films 
were made of each sample and each 
was carefully read in plotting the pole 
figures. 

Typical series included exposures 
with the beam normal to the rolling 
direction and at 11, 26, 41, 56 and 71° 
to the cross direction, plus two expo- 
sures with the beam normal to the 
cross direction, and at 11 and 79° 
respectively to the rolling direction. 

The rolling was in each case con- 
sidered sufficient to develop the final 
texture: the reduction by cold rolling 
was 84 pct (from 0.0045 to 0.0007 in. 
thickness), following prior hot rolling 
in longitudinal and transverse direc- 
tions and recrystallization; the reduc- 
tion by hot rolling at 800°C was 90 pet 
(0.010 to 0.001 in.), following similar 
prior treatment; the reduction by 
rolling at 350°C was 88 pct (from 0.005 
to 0.0006 in.) after similar prior treat- 
ment. The recrystallization texture was 
determined on a sample rolled at 350° 
to a reduction of 88 pct (0.0165 to 
0.002 in.) after similar prior treatment, 
then mounted between steel strips to 
keep it flat and annealed at 700° in an 
atmosphere of argon. 


Discussion of Results 


The results of the X ray determina- 
tions are assembled in the pole figures 
of Fig 2, 3, 4 and 5 for rolling at 
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FIG 1—X ray photograms (a) room temperature rolled sheet (6) 350°C rolled sheet (c) 800°C rolled 
sheet (d) 350°C rolled sheet and recrystallized at 700°C. 


Beam 11° to cross direction and 90° to rolling direction vertical. Outmost ring (101) pyramidal planes show eight 
maxima; next ring (001) basal plane shows two maxima in 3 o’clock and 9 o’clock positions; the inner ring (100) planes 
show maxima at 6 o’clock and 12 o’clock positions. : 


25, 350 and 800°C and for 350°C 
rolled sheet after recrystallization, 
respectively. The plane of the sheet is 
parallel to the plane of the stereo- 
graphic projection .in all the figures, 
with the rolling direction vertical and 
the transverse direction horizontal. The 
densities of the arcs on the films are 
indicated by the closeness of the cross- 
hatching on the pole figures. The 
orientations of three different sets of 
planes are shown, the three with most 
marked evidence of orientation in the 
films, (0001), (1010), and (1011), that 
is, (001), (100), (101). The conclusions 
that are drawn from these data are 
consistent with the pole figures from all 
three sets of planes. 

The texture is of the same type in all 
specimens. It may be described in 
terms of an ideal, or mean, orientation 
plus a scatter, the ideal orientation 
being (001) parallel to the plane of 
rolling and (100) perpendicular to the 
direction of rolling. This orientation is 
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shown on each of the pole figures by 
small circles. Thus the basal plane is 
parallel to the plane of the sheet; two 
close-packed rows of atoms in this plane 
make an angle of 30° with the rolling 
direction, and the third close packed 
row is parallel to the transverse direc- 
tion in the sheet. 

The scatter from this mean position 
is such that the hexagonal axis tilts 
more toward the cross direction than 
toward the rolling direction. To state it 
differently, treating the rolling direc- 
tion as an axis of rotation, the scatter 
around this axis extends as much as 50° 
each way from the mean orientation, 
while the scatter around the cross 
direction is only about 20° each way 
from the mean. 

From the pole figures it appears that 
the scatter is greatest with room tem- 
perature rolling, is less with 350°C 
rolling, and still less with 800°C rolling 
and with recrystallization, the corre- 
sponding ranges of scatter around the 


rolling direction as an axis being about 
65, 50, 40, and 40° from the mean orien- 
tation, respectively. Whether these 
different ranges are significant is prob- 
lematical, however, for it must be noted 
that the grain size progressively in- 
creases throughout this sequence, hence 
the films are progressively less able to 
locate with certainty the exact limits of 
a pole figure area. 

There is no evidence of an abrupt 
change in texture at an elevated tem- 
perature that would necessitate assum- 
ing that a different mechanism of de- 
formation sets in above room tempera- 
ture. But as mentioned earlier, it is not 
possible at the present time to defi- 
nitely exclude this on the basis of the 
pole figure evidence, since a complete 
understanding of textures and their 
implications has not yet been reached. 

The mean position of the basal plane 
in rolled beryllium (axial ratio c/a = 
1.568) is the same as in magnesium, 
zirconium, and close-packed hexagonal 
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FIG 4—Pole Figures for Beryllium Rolled at 800°C. (a) (001) Planes; (b) (100) Planes; (c) (101) Planes. 
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FIG 5—Pole Figures for Beryllium Rolled at 350°C and Recrystallized at 700°C. (a) (001) Planes; (6) (100) Planes; (c) (101) Planes. 


cobalt, (c/a = 1.624, 1.589 and 1.624 
respectively), but differs from that in 
zinc and cadmium, which have much 
greater axial ratios (1.85 and 1.88 re- 
spectively). Twinning is an important 
feature of the rolling process for zinc 
and cadmium and not for the metals of 
lower c/a ratio, and we now see that 
beryllium is no exception to this rule, 
for there is nothing in the texture of 
beryllium that suggests an appreciable 
amount of twinning in the final stages 
of deformation. There may be twin- 
ning, of course, in the early stages of 
deformation before the stable texture 
is reached. 

It is not surprising that the recrys- 
tallization texture is the same as the 
rolling texture, for this is a common 
behavior in close-packed hexagonal 
metals. 

There is no evidence for the double 
texture that is observed in certain al- 
loys of magnesium,! in which the cen- 
tral spot of the (001) pole figure is 
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double. The major axis of spread in 
beryllium is around the rolling direc- 
tion of the sheet, which is similar to 
zirconium, rather than around the 
transverse direction as in magnesium.? 
Another interesting feature of the 
beryllium texture is the alignment of 
the [210] direction parallel to the rolling 
direction (that is, the alignment of the 
(100) plane normal to the rolling direc- 
tion). In the usual textures reported for 
hexagonal metals there is no marked 
preference for any direction in the 
basal plane to be parallel to the rolling 
direction. 


Summary 


The rolling texture of beryllium is 
one in which the preferred position of 
the basal plane is parallel to the plane 
of the rolled sheet and close-packed 
rows of atoms in this plane lie 30° from 
the rolling direction. There is a scatter 
of from 40 to 65° in both directions 


from this orientation around the rolling 
direction as an axis, and a smaller 
scatter around the transverse direc- 
tion in the sheet. The texture is 
approximately the same for rolling at 
room temperature, 350 and 800°C, and 
after recrystallization. There is no 
evidence of a change of slip mechanism 
with temperature. 
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Introduction 


Ir is well known that for equal 
weights of material, thin sections of the 
lighter structural alloys are more re- 
sistant to buckling under a compressive 
stress than thin sections of more dense 
material. Therefore, structural parts 
having the same resistance to buckling 
stresses are generally lightest when 
they are made of magnesium alloys. 
Consequently, there is considerable 
interest in the development of strong 
alloys having densities equal to or 
lower than that of magnesium and 
strength-weight ratios equivalent: to 
those of the strongest aluminum alloys. 

The development of commercial 
magnesium-base alloys has been very 
successful, and their importance among 
materials in the structural field has 
been amply demonstrated. However, 
an even wider structural application of 
magnesium alloys might be effected if 
improvements could be made in the 
cold rollability and cold-forming char- 
acteristics. Such improvements, along 
with production of less directionality 
in properties, could be effected if the 
hexagonal close-packed lattice of pres- 
ent alloys could be replaced with a 
cubic lattice. 

In 1942, a project, having as-its ob- 
jective the improvement of some of the 
characteristics of commercial mag- 
nesium-base alloys, was initiated at 
Battelle Memorial Institute under the 
sponsorship of the Mathieson Chemical 
Corporation. At that time, one of the 
authors,* then Chief Metallurgist for 
the Mathieson Chemical Corporation, 
postulated that the addition of lithium 
to magnesium in sufficient quantities to 
change the crystal structure of the 
resultant alloy from a hexagonal to a 
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body-centered cubic lattice should 
produce a magnesium-rich alloy which 
would have the desired improvements 
in cold-working characteristics with 
less directionality in properties. To test 
this view, a series of alloys was made 
and was found to have many of the 
attributes that were predicted. 


The view that magnesium-lithium ~ 


alloys were of structural interest was 
also held by others. In 1943 and 1945, 
Dean and Anderson!:? obtained patents 
on magnesium-base alloys containing 
from about 1 to 10 pct lithium, from 
about 2 to about 10 pct manganese, and 
the balance substantially all mag- 
nesium; and on magnesium-base alloys 
containing from about 1 pct to about 
10 pet lithium, from about 2 to about 
10 pet manganese, from about 0.5 to 2 
pct silver, and the balance substantially 
all magnesium. They noted that an 
alloy containing 83 pct magnesium, 10 
pet manganese, 5 pct lithium, and 2 
pet silver could be cold rolled by any 
of the usual methods and that this alloy 
was considerably harder and stronger 
than most other magnesium-base alloys 
heretofore available. 

In 1945, Hume-Rothery, et al.,* pre- 
dicted that magnesium-lithium base 
alloys should be soft and ductile and 
that such compositions, to which was 
added a third element for the purpose 
of producing a precipitation-hardening 
type of alloy, should be ductile, 
strong, and lighter than magnesium 
itself. Hume-Rothery investigated the 


San Francisco Meeting, February 
1949. 

TP 2534 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before May 15, 1949. Manu- 


script received November 1, 1948; 
revision received November 26, 1948. 
* Battelle Memorial Institute. 
1 References are at the end of the 
paper. 


binary magnesium-lithium and ternary 
magnesium-lithium-silver equilibrium 
relations and criticized the existing 
equilibrium diagrams. The binary mag- 
nesium-lithium equilibrium diagram 
has also been investigated by Grube, 
Von Zeppelin, and Bumm,* Henry and 
Cordiano,® Sal’dau and Shamrai,® Hof- 
mann,’ and Shamrai.2 The work of 
most investigators agreed with that of 
Grube, whose constitution diagram is 
shown in Fig 1. 

From the standpoint of development 
of structural alloys, the room-tempera- 
ture equilibrium relations are of great 
interest. An examination of Fig 1 re- 
veals that, from 0 to 5.7 pct lithium, 
the existing phase is alpha, which is a 
solution of lithium in hexagonal mag- 
nesium. The boundary between the 
alpha, and alpha plus beta regions, oc- 
curs at a Mg/Li of 16.5, corresponding 
to 5.7 pet lithium by weight. Between 
5.7 pet and 10.3 pct lithium, there 
exists a mixture of the alpha phase 
(lithium dissolved in hexagonal mag- 
nesium) and the beta phase (magne- 
sium dissolved in body-centered-cubic 
lithium). The boundary of the alpha 
plus beta and beta regions occurs at a 
Mg/Li of 8.7, corresponding to a 
lithium composition of 10.3 pet. Much 
of the work described here was directed 
toward obtaining an alloy made up of a 
large proportion, or entirely, of the 
body-centered-cubic beta structure. 

In his early work, Loonam found that 
specimens of lithium-bearing alloys 
were very malleable. Ingots of alloys 
prepared at that time were extruded to 
3¢-in. diam bars, and the mechanical 
properties and the effects of heat 
treatment were then determined. These 
data are given in Table 1. The out- 
standing ductility of the alloys, com- 
bined with their moderately high 
strength, evoked considerable interest. 
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FIG 1—Magnesium-lithium equilibrium diagram (Grube). 
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FIG 2—Melting crucible, showing rela- 
tive positions of flux and metal before 
lithium addition. 


Table 1. . . Properties of Magnesium-lithium Alloys Prepared at Mathieson Chemical Corporation‘ 


Intended Composition, Pct Chemical Analysis, Pct As Extruded at 450°F2 Brinell Hardness 
H Extruded | Extruded 
No. Mg/Li Tensile Elonga- | Reduction pee rape mee Fie ie 
Mg Li Mn Al Zn Li Mn Al Zn Strength, | tion, ret ples aoaded after 14 after 18 
psi in 1 In. ct Heat Heat 
500°Fs 950°F 
2 7.6 S609 Ue SU Ihe 12.1 | 0.74 19,000 40 42 39 36 40 
4 inh es? 90.4 8.0) | 126 9.2 | 1.24 21,200 32 43 43 42 44 
5 11.2 90.0 8.0 2.0 8.5 05 31,600 21 2a &s 65 55 77 
6 11.0 88.0 8.0 4.0 8.3 4.15 34,400 9 11 67 57 78 
ic 10.7 86.0 8.0 6.0 8.4 6.20 37,100 11 13 72 61 85 
8 11.4 91.0 8.0 b.O 8.8 1.12 23,900 25 50 AT 44 44 
9 11.2 90.0 8.0 2.0 9.6 2.27 26,000 32 42 EX b 46 50 
10 11.0 88.0 8.0 4.0 8.8 4.03 28,000 46 58 58 57 53 
12 9.0 88.2 9.8 2.0 Be 8.4 0.11 Be 20,800 29 36 43 39 40 
13 98.0 2.0 1.93 45,600 2 6 48 47 36 
Mg Commercial magnesium 31,200 4 ee 36 34 27 
meta 
1 Alloys were prepared at Mathieson and tested at Battelle. 
2 Extruded to 3¢-in.-diam rod. Reduction of 10 to 1. 
2 Protected from oxidation with argon atmosphere. 
. . e e 5 
The fact that aluminum-bearing al- Melting Techniques In most of the experimental work, 


loys, Nos. 5, 6, and 7, were hardened 
by water quenching from 950°F indi- 
cated that, by suitable heat treatment, 
higher strengths could be obtained. 
In order to explore completely the 
possibilities of magnesium-lithium al- 
loys, an extensive project at Battelle 
was set up by the Mathieson Chemical 
Corporation. In 1945, when magne- 
sium-lithium base alloys were found to 
be of military interest, the Navy De- 
partment, Bureau of Aeronautics, 
entered into a cooperative agreement 
with Mathieson for the sponsorship of 
further investigational work. 

This paper summarizes the results 
obtained during the several years of 
investigation of the magnesium-lithium 
base alloys. These results are described 
under seven main topics covering 
melting technique, fabricating prac- 
tice, density measurements, mechanical 
properties, work-hardening and _sta- 
bility characteristics, corrosion resist- 
ance, and metallographic structure. 
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Magnesium-lithium base alloys can 
be melted satisfactorily under a flux or 
under an inert atmosphere. The flux, 
when it is used, is comprised of lithium 
chloride and lithium fluoride in the 
proportions from 75/25 to 82/18, the 
choice of the composition depending to 
a great extent upon the alloy composi- 
tion to be melted. In general, better 
separation of the metal from the flux is 
obtained when the salts are in the ratio 
of 75 to 25; hence, a flux of this compo- 
sition is selected when a new type of 
alloy is melted for the first time. How- 
ever, when this flux is used on certain 
alloys, especially those containing high 
percentages of cadmium, it tends to 
become very viscous. A change to the 
82/18 composition will, in most in- 
stances, improve the fluidity, although 
the flux of higher lithium chloride con- 
tent does not separate from the metal 
as well as does the flux of lower lithium 
chloride content. 


the quantity of flux used was equiva- 
lent to about 35 pct of the weight of 
the metallic charge. When ‘“‘large”’ 
heats were made, that is, heats weigh- 
ing 10 lb or more, it was possible to 
reduce the percentage of flux. The 
flux can be re-used, and if it becomes 
too thick for easy handling, the addi- 
tion of unused material will increase its 
fluidity. To make certain, however, 
that the flux would be satisfactory on 
heats prepared for the experimental 
studies, fresh materials were used for 
each melt. 

A crucible having a diameter about 
one-third its height is used in preparing 
the melts. The flux is melted first to 
eliminate all traces of water from the 
hygroscopic flux ingredients. The mag- 
nesium and alloying elements other 
than lithium are then added. In order 
to insure that the alloying elements dis- 
solve, they are placed in a steel wire 
basket suspended in the molten mag- 
nesium. Before the lithium is added, 
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FIG 3—Melting crucible, showing relative positions of 
flux and metal after lithium addition. 


the molten flux is lighter than the metal 
and provides an effective protective 
layer on the melt, as illustrated in 
Fig 2. Lithium, added by means of an 
inverted cup, is plunged below the sur- 
face of the metal bath. After the lith- 
ium dissolves, the cup is removed and 
the melt is thoroughly stirred. 

The addition of lithium to the mag- 
nesium reduces the density of the alloy 
to a value lower than that of the flux, 
and the metal then floats on top of the 
flux, as shown in Fig 3. If the desired 
alloy contains elements which can be 
introduced into the metal more easily 
by the reduction of the salt of the ele- 
ment, such salt additions are made at 
this time. This addition can readily be 
introduced by melting the correct pro- 
portion of salt in a separate pot 
containing lithium chloride-lithium flu- 
oride flux and then pouring the molten 
salt and flux mixture onto the metal 
bath. Should the element added in the 
form of salt not be soluble in molten 
magnesium alone but soluble in the 
magnesium-lithium melt, then the 
above procedure has various obvious 
advantages. 

After all alloying additions are made, 
the flux is allowed to settle in the cruci- 
ble. It is often desirable to make addi- 
tions to the flux in order to increase its 
density and thus decrease the settling 
time. An addition of about 10 pct 
lithium bromide is especially effective. 

It is desirable to equip the crucible 
with a sump in the bottom into which 
the flux may collect. A convenient 
method to avoid the mixing of metal 
and flux during pouring involves the 
insertion of a cover so that the cover 
rests on the sump and holds the flux in 
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the sump while the metal is poured. 

Although the flux is heavier than the 
metal after the lithium addition, a 
thin film of flux remains on the sur- 
face. The protection offered by this 
film, combined with the stack effect of 
the deep crucible, reduces the tendency 
toward burning or excessive oxidation 
of the metal. Magnesium-lithium base 
alloys are protected during pouring by 
a thin film of oxide which envelops the 
stream. The Durville method of pour- 
ing, or a slight modification of it, is 
necessary if turbulence and attendant 
inclusion of the oxide skin in the ingot 
are to be avoided. Therefore, the molds 
are tilted in such a way that the metal 
runs down the side with a minimum of 
turbulence. Ingot molds of either 
graphite or cast iron are satisfactory. 
When a cast iron ingot mold is used, a 
hot top either of graphite or of a re- 
fractory baked at high temperature is 
needed. The surfaces of cast iron molds 
are coated with acetylene soot. Before 
pouring, both graphite and cast iron 
molds are heated to about 250°F to 
drive off moisture. After pouring, any 
tendency toward burning on the sur- 
face of the ingot hot top is eliminated 
by the use of G-1 powder (a commercial 
graphite-base material) or paraffin, or 
by covering with an air-tight lid. By 
following the procedure described, the 
magnesium-lithium base alloys are less 
likely to burn during melting and pour- 
ing than are ordinary magnesium-base 
alloys. 

Magnesium-lithium base alloys may 
be melted under argon in a capped 
crucible without the employment of a 
salt flux. To take full advantage of the 
inert atmosphere, it is desirable to 


place the entire charge, including the 
lithium, into a cold crucible. After 
purging the crucible with argon, the 
heat is melted and poured. Only a 
slight tendency toward burning during 
the pour is evident even though no salt 
flux is used. 

A melting procedure combining the 
use of a flux and an argon atmosphere is 
also highly satisfactory, and by this 
technique the amount of flux required 
can be drastically reduced. The use of 
an argon atmosphere reduces oxidation 
and lessens the tendency for the flux to 
thicken. 


Fabrieation Practice 


For the most part, the magnesium- 
lithium base alloys were cast into one or 
more of the various ingots described in 
Table 2. The ingots were fabricated to 
produce test material also described in 
Table 2. 

The recrystallization temperature of 
many magnesium-lithium base alloys of 
the body-centered-cubic lattice type is 
about 375°F. The alloys can be hot 
worked readily by extruding, hammer 
forging, or hot rolling at temperatures 
between 400 and 700°F, depending on 
composition. Finishing temperatures at 
or just above the recrystallization tem- 
perature of 375 to 425°F were used in 
the experimental work in order to ob- 
tain a fine-grained product. 

The reduction by hot rolling de- 
pended to some extent upon the alloy 
composition and, in general, was about 
30 pet per pass. Hot rolling could be 
accomplished, however, at reductions 
as high as 50 pct per pass on most 
alloys. In order to prevent the mag- 
nesium-lithium alloy from adhering to 
the rolls, the latter were usually coated 
with kerosene for both hot and cold 
rolling. 

The rolls during cold rolling were 
usually kept near room temperature. 
Practically all compositions could be 
cold rolled to total reductions of at least 
15 pct immediately after hot rolling or 
after solution treating; in some in- 
stances, they could be cold rolled to 
total reductions of over 95 pct. Many 
of the alloys could be cold reduced as 
much as 50 to 75 pet per pass, although 
the general practice was to restrict cold- 
rolling reductions to 5 to 10 pet per 
pass. 

The magnesium-lithium base alloys 
could be cold drawn to bar stock only 
with difficulty because of their tendency 
to seize on the die and because they 
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Table 2... Typical Fabrication Procedures Used in Investigation of 
Magnesium-lithium Base Alloys 

Weigns Cast Product Machined Billets SE hog Disposition 

1000 g | 214 ingots, 14 | 3 pieces, 1546 in. | 3 rods, 34 in. in| 4 tensile specimens, %4-in. diam, 
in. in diam X 8| in diam X 344 | diam X 30 in.| J1-in. ga length, tested as extruded 
in. long. in. long. Balance} long. and as aged 48 hr at 150°F. 4 

of ingots saved. bend-deflection test specimens, 
tested as extruded and as aged 
48 hr at 150°F. Balance of stock 
saved. : 

10 lb] 6 ingots, 244 in. | 6 pieces, 2 in. in| 5 rods, 5g in. in|] 10 standard tensile specimens, 10 
in diam X 7 in.| diam X 5 in.| diam X 36 in.| standard compression specimens, 
long. long. long.! 10 unnotched Charpy impact and 

2 strips, 7% in. X | 10 notched Charpy impact speci- 
in. X 36in.2| mens. These were tested as ex- 
truded, and as extruded and aged 
48 hr at 150°F. Strips were corro- 
sion test specimens; tested after 

aging 48 hr at 150°F. 

10 lb| 1 forging ingot, Forged to rolling slab, machined, 
4X 4X 12 in. and rolled to plate or sheet. (Total 

reduction effected: about 55 to 1.) 
Used in mechanical testing. 

1500 g | 2 ingots, 214 in. | 2 pieces, 2 in. in} 2 strips, 14 in. | One strip hot rolled to 0.053 in. and 
in diam X 7in.| diam X 5 in.| X \% in. X 36] cold rolled 15 pct to 0.045 in. 
long. long. Other in- | in. (Total reduction effected: about 

got saved. 55 to 1.) Used in mechanical test- 
ing. One strip hot rolled 1-30 pct 
pass and cold rolled 15 pet, Used 
in age hardening tests. 


1 Two billets were homogenized 48 hr at 600°F prior to extrusion. 


2 One billet was homogenized 48 
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FIG 4—Effect of lithium on ductility and 
yield strength of extruded magnesium. 


work harden only to a limited ex- 
tent. The latter makes it difficult to 
strengthen the tip to resist fracture as 
the bar is started through the die. 
Various lubricants for cold-drawing 
operations were tried in an attempt to 
prevent die seizure. The only lubricat- 
ing practice that has been successful 
involved the use of a flash coat of cop- 
per applied by dipping the magne- 
sium-lithium bar in a_ solution of 
copper sulphate made slightly al- 
kaline by the addition of ammonium 
hydroxide. 
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hr at 600°F prior to extrusion. 


Density of Magnesium- 
lithium Alloys 


One characteristic of great interest 
is the low density of the magnesium- 
lithium base alloys. A binary alloy. con- 
taining 11.5 pct lithium has a density 
of approximately 1.4 g per cc; however, 
this binary alloy is so soft and ductile 
that it has little value from the struc- 
tural standpoint, except where low 
strength is permissible and good 
formability is desired. If sufficient 
alloying additions of the heavier metals 
are made to this alloy to improve its 
strength, the density is often increased 
to about 1.45 to 1.65 g per cc. It is not 
difficult to formulate a magnesium- 
lithium alloy having mechanical prop- 
erties superior to the commercial 
magnesium-base alloys and having a 
density considerably less than 1.8 g per 
cc, which is approximately the density 
of most commercial magnesium alloys. 


Some Mechanical Proper- 
ties of the Magnesium- 
lithium Alloys 


MAGNESIUM-LITHIUM BINARY 
ALLOYS 


Magnesium-lithium binary alloys 
have hardnesses of the order of 0 to 10 
on the Rockwell E scale, which is equiv- 
alent to a Brinell hardness number of 
about 30 to 35. Magnesium-lithium 
base alloys having good mechanical 
properties have hardnesses of the order 
of 90 Rockwell E, which is equivalent 
to a Brinell hardness number of about 
85. 

One of the most important properties 
which lithium was found to bestow 
upon magnesium was increased duc- 
tility. Although the body-centered- 
cubic lattice structure does not exist 
below 5.3 pct lithium, as little as 2 pct 
lithium markedly enhanced the tensile 
ductility and formability of pure 
magnesium. The effect of lithium on 
tensile ductility is shown in Fig 4. It 
will be noted that a pronounced in- 
crease in reduction of area, accom- 
panied by a marked decrease in yield 
strength, occurred as lithium was in- 
creased from 8 to 13 pct. This is 
explained by the transition, at 10.3 pct 
lithium, from the two-phase, hexagonal 
plus body-centered-cubic structure, to 
the single-phase, body-centered-cubic 
structure. Although the single-phase 
hexagonal and the two-phase alloys 
were by no means neglected in the ex- 
perimental work, the greatest attention 
was paid to alloys with a body-cen- 
tered-cubic structure. 

The influence of lithium on the bend 
ductility of pure magnesium is shown 
in Fig 5. The increase in bend ductility 
of rolled alloys in going from the two- 
phase region to the region of 100 pct 
beta was very noticeable. For example, 
the 9 pct lithium, alpha- plus beta- 
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FIG 5—Effect of lithium on bend ductility of magnesium, 
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phase alloy could not be bent more 
than 90° while the 11 pct lithium, 
beta-phase alloy withstood a 180° bend. 
On the other hand, in the extruded 
condition, the 9 pct lithium, two- 
phase alloy, had bend ductility which 
was equal to that of the 11 pct lithium, 
beta-phase alloy. The superior bend 


ductility of the alpha- plus beta-phase : 


alloy in the extruded state can be 
explained by the mode of occurrence of 
the alpha phase in the microstructure. 
The microstructure of the alloy in the 
extruded and hot-rolled states is shown 
in Fig 6. The alpha phase occurs in the 
form of more or less randomly oriented, 
short patches in the extruded material, 
whereas in the rolled material it occurs 
as long platelets, with the plane of 
the platelets parallel to the plane of the 
sheet. When the materials are bent, the 
long, brittle alpha platelets in the sheet 
are more prone to break and notch the 
beta material than are the short, brittle 
alpha patches in the extruded material. 

The effect of lithium on the cold 
rollability of magnesium can be ob- 
served from data plotted in Fig 5. 
Whereas commercially pure magnesium 
failed in rolling after a cold reduction of 
19 pct, the lithium-bearing alloys could 
be cold-rolled at least 45 pct. In the 
cold-rolled state, the lithium-bearing 
alloys retained nearly the same bend 
ductility they possessed in the hot- 
rolled state. 


MAGNESIUM-LITHIUM-BASE 
TERNARY ALLOYS 


Among the original alloys prepared 
at the Mathieson Chemical Corpora- 
tion were several which contained 
aluminum or zinc. The mechanical 
properties of the alloys with aluminum 
or zinc gave ample indication that these 
elements would be of importance in 
increasing the strength of the ductile 
magnesium-lithium base. In later work, 
effects of practically all of the metallic 
elements on the properties of the mag- 
nesium-lithium alloys were investigated 
by preparing and studying over 1800 
individual heats. 

The order of solid solubility of the 
elements in the beta phase at room or 
.slightly elevated temperatures, as de- 
termined from the many experimental 
investigations, is roughly as follows: 


Most Soluble Elements 


Ag Cd Al 
Hg In 
Zn Tl 
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FIG 6—Microstructure of extruded and hot-rolled two-phased Mg-Li alloy. 
Light areas are alpha and gray matrix is beta. (Etched in 2 pct HF.) 


a. Hot-rolled longitudinal section. b. Hot-rolled transverse section. 
c. Extruded longitudinal section. d. Extruded transverse section. 
Reduced approximately one-third in reproduction. 
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The elements which most effectively 
increased the mechanical strength of 
the magnesium-lithium base were alu- 
minum, zinc, silver, and cadmium. An 
example of their effectiveness is shown 
in Fig 7. In this figure are plotted the 
maximum and minimum yield strengths 
obtained from a series of about 50 
different ternary alloys of 8.1 Mg/Li 
base. At the extreme left, the yield 
strength of the 100 pct beta, 8.1 
Mg/Li binary alloy is shown to be 
12,000 psi. Antimony added in amounts 
of 1 to 4 pct and bismuth in amounts of 
2 to 4 pct did not increase the yield 
strength. However, the recovery of 


these two elements in magnesium- 
lithium base alloys has consistently 
been very low. Copper increased the 
yield strength somewhat, but 1 pct 
copper was, for all practical purposes, 
equally as effective as 8 pct. 
Substantial increases in yield 
strength were brought about by addi- 
tions of silver, zinc, cadmium, and 
aluminum. In this series of alloys, 0.5 
pet aluminum was as effective as 4 pct 
zinc, and was much more effective than 
either 2 pct cadmium or 4 pct silver. 
The elements which were most effective 
in alloys with a magnesium-lithium 
ratio of 8.1 were likewise very effective 
at other magnesium-lithium ratios. 
Some interesting effects of aluminum 
and zinc on the properties of ternary 
alloys having various magnesium- 
lithium ratios are shown in Fig 8 and 
9. The alloys with a magnesium-lithium 
ratio of 24 (24 Mg/Li) are of the 
hexagonal alpha phase, those with 
magnesium-lithium ratios of 13.3 and 
9.7 consist of alpha plus beta, and those 
with a magnesium-lithium ratio of 8.1 
consist of the body-centered-cubic 
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FIG 7—Effect of various elements on the yield strength of the 8.1 Mg/Li beta solid 
solution. All alloys tested in the as-extruded condition. 
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FIG 8—Effect of aluminum at different magnesium-lithium ratios on mechanical 
properties of extruded ternary alloys. 


beta phase. The results plotted in these 
figures show that (1) several alloys 
possess rather good properties, a fact 
which offered an incentive for further 
investigation; (2) the elongation tends 
to increase as Mg/Li decreases; and (3) 
as Mg/Li decreases, there is an in- 
crease in the ratio of yield strength to 
tensile strength. In general, the yield 
strengths of the high-strength, mag- 
nesium-lithium alloys are proportion- 
ally high and are the same in tension 
and compression. 


MAGNESIUM-LITHIUM BASE 
QUATERNARY AND QUINARY 
LOW-LITHIUM ALLOYS 


The favorable properties observed 
for some of the ternary alloys proved 
an incentive to investigate quaternary 
and quinary alloys. The tensile proper- 
ties of a 24 Mg/Li series of alloys hay- 
ing the hexagonal structure are shown 
in Fig 10. The average tensile strength 
of this series of alloys was about 45,000 
psi. 
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MAGNESIUM-LITHIUM BASE 
QUATERNARY AND QUINARY 
HIGH-LITHIUM ALLOYS 


The above data suggested the possi- 
bility of developing interesting alloys 
having the hexagonal structure or the 
two-phase, hexagonal plus body-cen- 
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tered-cubic structure. Of even greater 
interest have been the beta-phase, 
cubic lattice alloys, that is, alloys 
having magnesium-lithium ratios under 
8.7. Alloys with magnesium-lithium 
ratios of 8.1, 7, 6, and 5 have been in- 
vestigated in detail. A minor amount 
of work has also been done on 3.5 
Mg/Li alloys. 

In one series of 12 heats, the effects of 
variations in aluminum, cadmium, and 
silver in quinary alloys having a mag- 
nesium-lithium ratio of 6, with alumi- 
num varying from 2 to 12 pct, silver 
varying from 0 to 4 pct, and cadmium 
varying from 0 to 4 pct were deter- 
mined. The compositional levels were 
selected and the experiment performed 
as a factorial design. By means of this 
experimental technique, the individual 
effect of each of the three alloying addi- 
tions, cadmium, silver, and aluminum, 
could be determined independent of the 
effects of the other two additions. The 
mechanical properties of the alloys are 
shown in Fig 11. In the as-extruded 
state, the tensile strength was improved 
by additions of the alloying elements. 
Increases in aluminum and cadmium 
contents caused decreases in mechani- 
cal properties in specimens aged at 
150°F for 48 hr. The effect of an in- 
crease in silver from 0 to 4 pct stabilized 
the mechanical properties for the same 
aging treatment. This stabilizing ef- 
fect of silver on mechanical properties 
was noteworthy throughout the work 
on magnesium-lithium base alloys. 

The independent effects of variations 
in magnesium-lithium ratio, zinc, cad- 
mium, and silver, were studied in 36 
quinary magnesium-lithium-zinc-cad- 
mium-silver alloys by means of the 
factorial design technique. In Fig 12 
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FIG 9—Effect of zinc at different magnesium-lithium ratios on mechanical properties 
of extruded ternary alloys. 
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the average yield strengths of the alloys 
in the as-extruded state and after aging 
at 150°F for 48 hr are plotted as func- 
tions of the composition. 

The yield strength of the alloys in- 
creased in the as-extruded condition as 
Mg/Li increased. Aging increased the 
yield strength of 6 Mg/Li alloys but 
decreased the yield strength of alloys 
of higher magnesium-lithium ratio. 

Cadmium was similar in its effect in 
this series of alloys as in the previous 
series. It increased the yield strength 
of the alloys in the extruded condition 
but did not prevent the loss of yield 
strength upon aging at 150°F. The 
effects of zinc additions were similar 
to those produced by cadmium. An 
increase in silver from 4 to 6 pct had a 
stabilizing influence as shown by the 
fact that there was no decrease in yield 
strength after aging for 48 hr at 150°F. 

The effects of aluminum in two 
series of 6 Mg/Li-aluminum-cadmium- 
silver alloys are shown in Fig 13. Ex- 
cellent mechanical properties were 
obtained with 1 and 2 pct of aluminum 
in the alloys containing 4 pct silver. 
The alloys with 4 pct silver were less 
adversely affected by the 150°F aging 
treatment than were the alloys with 2 
pet silver. As a point of interest, the 
alloys with 2 pct aluminum were less 
stable than were the alloys with 0.5 and 
1 pct aluminum. 

From the results obtained on 36 mag- 
nesium-lithium-zinc-cadmium-silver al- 
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FIG 10—Effect of variations in zinc, aluminum, or silver con- 
tents on the tensile properties of extruded 24 Mg/Li-Zn-Al-Ag 


alloys. 


loys prepared according to a factorial 
design, it was possible to select a num- 
ber of alloys whose tensile and yield 
strengths were increased by aging for 
48 hr at 150°F. Their mechanical 
properties after the aging treatment are 
shown in Table 3. These results are 
indicative of the excellent mechanical 
properties which can be obtained in the 
magnesium-lithium base alloy system. 
It is noteworthy that these alloys, like 


YIELO STRENGTH, 1000 PS.I 


GMg/Li 7 Mg/Li BI Mg/Li 
AS EXTRUDED 


all high-lithium, magnesium-lithium 
base alloys, have equal compressive 
and tensile yield strengths and have 
high elastic limits in both tension and 
compression. Their notched impact 
strength, on the other hand, is rather 
low. The 8.1 Mg/Li alloy is included in 
this table for comparison purposes. 
The high-strength alloys of the 8.1 
Mg/Li type show a _ considerably 
greater loss in strength during the 


6Mg/Li 7 MQ/Li 


AS AGED 


8.1 Mg/Li 


YIELD STRENGTH, 1000 PS.1. 
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FIG 11—Effect of variation in aluminum, 
cadmium, or silver contents on the tensile 
properties of 6 Mg/Li-Al-Cd-Ag alloys as 
extruded and as aged at 150°F for 48 hours. 
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FIG 12—Effect of variation in Mg/Li, Zn, Cd, and Ag on the 
yield strength of 36 Mg-Li-Zn-Cd-Ag alloys, as extruded and 
as aged at 150°F for 48 hours. 
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Table 3. . . Mechanical Properties of Ten-pound Heats of Selected Mg-Li-Zn-Cd-Ag Alloys after Aging at 150°F 
for 48 Hr 


Intended Composition, Pct Tensile Properties! Compressive Properties! 
5 Charpy Impact 
ene gees -s reds Strength, 
eat ee . Iti- | Elonga- educ- ard- Rate . Foot-pounds 
NG. Treatment | Elastic | Yield Ub. ion, Ar Gt) eee Elastic e oe. P 
Me/Li| Mg Li Zn | Cd! Ag Limit, |Strength, Strength,| Pectin Area, Rocke Limit, trength, 
psi psi ee hoa pee Pet Seay) psi psi nes 
Notched Sotched 
6 C54 VERE: |. 6: 140" 1-6 None 31,300 41,300 46,700 2 4.4 94.5 36,900 47,100 0.5 2.5 
ess 600°F-16 hr 30,300 43,200 48,900 3 Bek 96 39,900 49,600 0 2 
1095 6 VCO Hoke Ole 4a M4 None 34,200 48,500 53,100 1 1 96.5 47,700 54,900 0.5 2 
600°F-16 hr 02 0 98.5 47,800 55,300 0.5 2 
1075 6 TAO E20 60-46 None 33,200 49,100 53,200 1 je 98.5 42,800 55,200 0.5 1 
600°F-16 hr 40,400 50,300 48,000 0 0.4 88 45,100 53,200 0.5 1 
1076 6 P2EO NLA ON As 6n iG None 45,800 52,200 53,400 1 2.0 84.5 46,800 54,200 0.5 1 
' 600°F-16 hr 41,800 51,500 55,200 1 I Wee) 85 45,500 53,700 0.5 1 
1092 fr 76.1 | 10.9 |41)4 15 None 32,200 39,200 43,200 20 30.1 93 36,300 44,000 - 5 
600°F-16 hr 31,000 38,400 43,100 20 35.2 92.5 35,400 43,700 1 525) 
1090 6 Wane Nel Oe? | 4-) ARin6 None 32,700 41,500 46,400 15 26.1 95.5 42,800 49,400 0.5 3 
600°F-16 hr 30,000 40,200 45,700 15 23.3 95 37,100 47,500 0.5 one 
1077 rc 15,3 | 10.7 \-4 || 67-4 None 31,100 39,200 43,300 19. 34.5 88.5 36,300 43,900 1 4.5 
600°F-16 hr 31,500 40,800 44,400 14 TORN 88 36,000 44,200 0.5 4.5 
1078 if TS.0-f LOM 4: 1 60. 6 None 37,500 45,200 48,400 10 13.9 90.5 42,900 54,800 0.5 3.5 
600°F-16 hr 32,200 46,000 51,500 8 10.5 90.5 41,400 52,300 0.5 Dae 
1093 ii T2236. {9LOFAM} SMG: 06 None 31,000 41,900 49,300 9 13.5 97 37,500 50,800 0.5 3 
600°F-16 hr 30,800 40,500 49,100 6 7.4 97 38,300 48,300 0.5 2 
1094 ¢¢ Je oad cs CE et es sr i None 32,600 39,200 41,600 17 PX hes 91 37,300 43,200 1 i 
600°F-16 hr 31,600 38,500 41,600 22 38.6 90 37,400 42,900 2 6.5 
1079 8.1 VeanO 9.0 | 6] 6 | 6 None 19,700 25,600 35,000 41 60.9 87.5 25,200 30,300 1 4 
600°F-16 hr 23,400 28,600 38,000 29 46.4 89.5 25,200 30,900 2.5 4 


TENSILE ULTIMATE AND 
YIELD STRENGTH-1IO00 PS.I. 


% ELONGATION 


1 Alloys were extruded from 2-inch-diameter cast billets. Properties are based on average of two specimens. 
2 Bar too brittle to obtain yield point. 
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FIG 13—Effect of aluminum at two different silver levels on mechanical properties of a 
6 Mg/Li-8 pct Cd base quinary alloy. 
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FIG 14—Effect of cadmium on mechanical properties of a 
6 Mg/Li-1 pct Al-2 pct Ag alloy. (Aging treatment: 48 hr at 


150°F.) 
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150°F aging treatment than do the 
alloys, listed in the table, of lower 
magnesium-lithium ratio. 

The high-lithium, magnesium-lith- 
ium alloys were capable of dissolving 
cadmium in much larger amounts than 
the 6 pct generally added heretofore. 
Large amounts of cadmium, when sub- 
stituted for the zinc or aluminum, not 
only produced high strength but en- 
abled the alloys to retain this strength 
after aging at 150°F. As shown in Fig 
14 and 15, the addition of 12 pct cad- 
mium resulted in high strength which 
was not reduced by aging 48 hr at 
150°F. However, alloys with 16 pct 
cadmium overaged and lost strength 
during the 48-hr treatment. 

Continued investigation of high- 
cadmium-bearing alloys showed that, 
in the absence of zinc and aluminum, 
16 pct cadmium could be added with- 
out causing overaging during the 48 hr 
at 150°F treatment. An alloy having 
the composition, 6 Mg/Li-16 pct cad- 
mium-6 pct silver, was found to retain 
its high strength for over 1000 hr at 
150°F. The mechanical properties of 
the alloy, after extruding and aging at 
150°F for 48 hr, were as follows: 


Tensile ultimate strength—48,000 psi 
Tensile yield strength | —47,000 psi 
Elongation in 2 in. =2 pet 


Although the ductility of this alloy 
was low, a slight modification of the 
composition to 15 pct cadmium and 5 
pet silver increased the ductility con- 
siderably without seriously. affecting 
the strength or the ability of the alloy 
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FIG 16—Tension-compression stress-strain curves for the 
alloy 6 Mg/Li-15 pct Cd-5 pct Ag. 
to retain its strength after a prolonged 
treatment at 150°F. 

An extensive study of the fabricating 
characteristics and strength properties 
of the 6 Mg/Li-15 pct cadmium-5 pct 
silver alloy was also conducted. The 
alloy was easily forged and rolled at 
400°F, and after a solution treatment, 
it could be cold rolled extensively. Its 
mechanical properties after extruding 
and aging at 150°F for 24 hr were as 
follows: 


UNIT STRESS-I000 P.S.1. 


Tensile ultimate strength—46,000 psi 
Tensile yield strength | —43,000 psi 


Elongation in 2 in. 
Reduction of area 
Hardness, Rockwell E 


—8 pct 
—8 pct 
—92 


A stress-strain curve for the 6 Mg/Li- 
15 pet cadmium-5 pct silver alloy is 
shown in Fig 16. It is typical for the 
high-strength, magnesium-lithium base 
alloys and is characterized by a high 
elastic limit and a high compressive 
yield strength. Fig 17 and 18 show re- 
spective stress-strain curves for a 
commercial magnesium alloy and a 
commercial aluminum alloy. It will be 
noted that the curve for the mag- 
nesium-lithium alloy bears a greater 
resemblance to the curve for the alumi- 
num alloy than it does to the curve for 
the magnesium alloy. 


FEBRUARY 1949 


DEFLECTION-.OOO! IN./IN. 5 
120 110 10090 80 70 60 50 40 30 20 


10 20 30 40 50 60 70 80 90 100 110 120 


- DEFLECTION-.OOOI IN./IN. 


| 


I 


| Wa 


I++ COMPRESSION 


ate 


ELASTIC LIMIT= 
-t—7—]_ 24,500 PS.1. 


jet 


BS a o 
P.S.I 


Y.S=35,700 PS... 
Ae 


rth 


: ; 


0.2% OFFSET 


Mee A 


+H ++4 


E=6,120,000 


NE 


SLOPE OF LI 


ah 


U1 
= 


ch 


Halal ae 


a 
° 


b 
UNIT STRESS-1000 


a 
ow 


FIG 17—Tension-compression stress-strain curves for com- 
mercial magnesium alloy AZ31X. 
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FIG 18—Tension-compression stress-strain curves for com- 


mercial aluminum alloy 14S-T. 


COMPARISON OF STRUCTURAL 
CHARACTERISTICS OF MAG- 
NESIUM-LITHIUM BASE ALLOYS 
WITH OTHER ENGINEERING 
MATERIALS 


The magnesium-lithium base alloys 
by virtue of their low densities, 1.65 g 
per cc or less, have considerable ad- 
vantage when compared to other struc- 
tural materials on a strength-weight 
basis. 

The strongest available commercial 
aluminum alloy has a yield strength 
of the order of 72,000 psi and a density 
of about 2.8 g per cc. For equivalent 
strength on a pound-for-pound basis, a 
magnesium-lithium base alloy, haying 
a density of 1.55 g per cc, should have a 
yield strength, in compression and 
tension, of the order of 40,000 psi, while 
one having a density of 1.65 g per cc 
should possess a yield strength of about 
42,500 psi. As shown in the preceding 
text, these yield strength values are 
exceeded in many magnesium-lithium 
base compositions. 

The strength properties of two mag- 
nesium-lithium base alloys are com- 
pared with other commonly used 
structural alloys in Fig 19. The 
strength values representative of the 
various materials are those obtained 
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on an equal weight basis, using the 
strength-weight relationship for the 
aluminum alloys as the basis of com- 
parison. The alloy designated as Mg-Li 
8-4-6-4 has the composition 8.1 Mg/Li- 
4 pet zinc-6 pet cadmium-4 pct silver. 
This alloy has a yield strength of 48,000 
psi and an elongation of 10 pct as ex- 
truded; however, after 48 hr at 150°F, 
it has a yield strength of 28,500 psi and 
an elongation of 43 pct. The alloy desig- 
nated as Mg-Li 6-15-5 has a composi- 
tion of 6 Mg/Li-15 pet cadmium-5 pct 
silver. It has a yield strength of 43,000 
psi and an elongation of about 8 pct as 
extruded, and these values are retained 
after an extended period at 150°F. 
The resistance of structural mate- 
rials to buckling under a compressive 
load is of considerable importance to 
designers of aircraft and other struc- 
tures. F. R. Shanley? has suggested 
that a measure of the buckling resist- 


~ ance of wide sheet or sheet fixed on the 


four edges and subjected to compres- 
sive loading can be obtained from the 
relationship E/d? where E is the 
modulus of elasticity of the material 
and d is its density. The relative re- 
sistance to buckling of various mate- 
rials, as determined by this relationship, 
is shown in Fig 20. The low density and 


FIG 19—Comparison of strength properties of Mg-Li base alloys with 
those of other alloys. 


fairly high modulus of elasticity (about 
6,500,000 psi) of the magnesium- 
lithium base alloys make these alloys 
far superior, in this respect, to other 
structural materials. 


Werk-hardening Capacity 
and Stability of Magnesium- 
lithium Base Alloys 


WORK-HARDENING CAPACITY 


Early in the study of magnesium- 
lithium base alloys, it was found that 
most of the alloys being investigated 
were incapable of appreciable work 
hardening. There were a number of in- 
dications of the lack of work-hardening 
capacity, a few of which are enumerated 
as follows: 


1. At rates of tensile loading com- 
parable to those used for testing other 
materials, such as copper-base, iron- 
base, aluminum-base, or ordinary mag- 
nesium-base alloys, the yield strength 
of high-lithium, magnesium-lithium 
base alloys was found to be fictitiously 
high. The effect of the rate of loading 
on the yield strength of a few of the 
early magnesium-lithium base alloys is 
shown in Table 4. The first three alloys 
listed therein extended at a rapid rate 
under a tensile load near their apparent 
yield strength. The yield strength of 
the fourth alloy, which was low in 
lithium content, was not affected by 
the change in rate of loading. 

2. The apparent yield strength of 
high-lithium, magnesium-lithium base 
alloys was not appreciably increased by 
cold stretching. The effect of a prior 
stretch of 5 and 10 pct on yield strength 
of four tensile bars is shown in Table 5, 
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Table 4... Effect of Rate of Load- 
ing on the Tensile Yield Strength 
of a Series of Early 

Magnesium-lithium Base 


Alloys 
Composition, Pct Yield Strength, 
psi 
Meg/Li | 

Loaded 
M . Loaded, i 
g Li | Zn} Al 0.02 ipm 0.00004 

ipm 
OU ak 9 4 25,200 21,500 
IT a RLS (9 a 25,600 23,900 
SOE 18702) | Vo8ss 2 24,200 21,500 
24 94.1 3.9 2 23,000 23,000 


Table 5... Effect of Cold Stretch- 
ing on the Tensile Yield Strength 
of a Series of Early 
Magnesium-lithium Base 


Alloys 


Composition, Pct Yield Strength, psi 
Mg/ 
Li 0 Pct | 5 Pct | 10 Pct 
Mg] Li |Zn} Al| Cold Cold Cold 
Stretch | Stretch | Stretch 
9.7|87 9 4 25,200 | 25,600 
9.7/87.9} 9.1] 2 | 1 | 25,600 | 26,500 | 26,800 
8.1/87.2/10.8 2 | 24,200! 26,500 
24 |94.1) 3.9 2 | 23,000 | 34,100 


In only the low-lithium alloy was a con- 
siderable increase effected in the appar- 
ent yield strength by a 5 pct prior 
stretch. 

3. The apparent yield strength of 
26,300 psi for an extruded alloy of 87 
pet magnesium-9 pct lithium-4 pct 
zinc was not increased by cold-drawing 
reductions as high as 55.5 pct. 

4. The apparent yield strength of 
22,500 psi for a hot-rolled alloy of 87 
pet magnesium-9 pct lithium-4 pct zinc 
could be increased only to 24,000 psi by 
a 75 pct cold-rolling reduction. 

Thus the inability of the first mag- 
nesium-lithium base alloys investigated 
to work harden satisfactorily became 
readily apparent. The seriousness of 
this was more fully appreciated when a 
close relationship was found between 
the work-hardening characteristics and 
the stability of the mechanical proper- 
ties at moderately elevated tempera- 
tures. In order to evaluate quickly a 
large number of compositions and to 
determine the effect of various addition 
elements on the work-hardening char- 
acteristics of the magnesium-lithium 
base, a modified test to determine 
work-hardening capacity was devised. 
A schematic drawing of the testing 
equipment is shown in Fig 21. 

In this test, the specimens are sup- 
ported on rails spaced 3 in. apart and 
loaded in the midpoint as a simple 
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FIG 20—Relative resistance to buckling of various 
structural alloys compared to that of 24S-T4 aluminum 


alloy. 


beam. The deflections of the bars are 
measured at the time of loading and 
then at intervals over a period of a 
week. The bend-deflection values are 
plotted against the time elapsed after 
loading to obtain bend deflection-time 
curves. Such curves for alloys having 
good, fair, and poor work-hardening 
characteristics are shown in Fig 22. 
The total bend deflection within the 
144-hr period of the test and the rate of 
deflection during the 120- to 144-hr 
period were used as a measure of the 
relative merit of the alloys. It will be 
noted from Fig 22 that deflection read- 
ings were taken for 168 hr, in order to 
obtain an accurate curve in the 120- to 
144-hr interval. 

Because the bend-deflection test pro- 
cedure was used primarily to determine 
alloy additions which would improve 
work-hardening capacity, the bend 
tests were made, for the most part, on 
bars loaded in such a way that the 
extreme fiber stress exceeded the yield 
point of the material. The bend-deflec- 
tion test was of little value for studying 
age-hardening alloys, because this 
type of alloy showed marked variations 
in behavior during the course of the 
test as a result of aging at room 
temperature. 

Whereas the bend-deflection rate, as 
measured during the interval between 
120 and 144 hr, is of interest and of 
value in assessing the work-hardening 


DEFLECTION MEASURED 
BY MICROMETER 


CONTACT 


01750 - INCH-DIAM INDICATOR 


SPECIMEN —*[ 


FIG 21—Bend-deflection test apparatus for 
determining work hardenability. 


characteristics of each composition, 
comparisons between various alloy 
compositions can be made most easily 
by examining the total bend deflection 
during the 0- to 144-hr interval. Re- 
sults shown in Fig 23 reveal that the 
ability of a material to withstand bend- 
ing loads which produce an extreme 
fiber stress greater than the yield 
strength apparently depends upon the 
work-hardening capacity of the mate- 
rial and not upon the yield strength. 
For example, pure magnesium, with a 
yield strength nearly twice that of pure 
aluminum, deflected nearly twice as 
much as aluminum in 144 hr when 
tested at an extreme fiber stress of 
21,000 psi. It is apparent, from an 
examination of the 9 bars at the left 
of the diagram, that the first lithium 
additions tend to increase the yield 
strength and to reduce the total bend 
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FIG 22—Typical bend-deflection rate curves. 


deflection markedly. Larger additions 
of lithium decreased the yield strength 
moderately, producing some increase 
in total bend deflection. This trend con- 
tinued until a Mg/Li of 8 was reached. 
At this ratio, and continuing through 
6 Mg/Li, the total deflection was high. 
Thus, with only a slight decrease in 
yield strength at these high lithium 
contents, a deflection of 0.2 in. was 
obtained in 24 hr. 

The additions of 4 pet and 9 pct zinc 
to an alloy of 8 Mg/Li base increased 
the yield strength to 22,000 and 31,000 
psi, respectively, and reduced the total 
bend deflection to 0.025 in. and 0.010 
in., respectively. A 0.5 pct addition of 
aluminum to the 8 Mg/Li base was 
equally as effective as a 4 pct zinc 
addition in raising the yield strength 
of the material, but was far more effec- 
tive in reducing the total bend deflec- 
tion. A 6 pct aluminum addition was 
responsible for a still more pronounced 
increase in yield strength. On the other 
hand, 6 pct aluminum was inferior to 
0.5 pet aluminum in reducing the total 
bend deflection. It is important to note 
that the zinc- and aluminum-bearing 
alloys were of the age-hardenable type, 
and for this reason, strict comparisons 
of the work-hardening capacities of 
such alloys, as measured by the bend- 
deflection test, were not possible. 

The most outstanding effect of alloy 
additions was observed when 4 pct 
silver was added to an 8 Mg/Li or 6 
Mg/Li alloy. The effect of silver is 
shown in Fig 23. 

The mechanism by which an addition 
such as 4 pct silver or 0.5 pct aluminum 
improves the work-hardening capacity 
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of the magnesium-lithium alloy matrix 
is not entirely clear. It appears, how- 
ever, that most additions having some 
solid solubility in the magnesium- 
lithium base at room temperature will 
effect some improvement in the work- 
hardening capacity. 

In Table 6 are reported the total 
bend-deflection values for specimens of 
the four alloys previously noted in 
Tables 4 and 5. The total bend-deflec- 
tion values of the first three alloys 
shown were high even though an ex- 
treme fiber stress of 21,000 psi was 
appreciably below the apparent yield 
strength of the alloys. An interesting 
observation made from results in Table 
6 was that the second alloy, which 
showed some superiority in work- 


Table 6... Total Bend Deflection 
144 Hr after Loading a Series 
of Early Magnesium-lithium 
Base Alloys 


Composition, Pct Appar- | Total 
ent Bend 
Me/Li é sieht Deflec- 
trength,| tion, 
Mg Li | Zn| Al psi Ta 
9.7} 87 9 4 25,200 | 0.0085 
9.7 | 87.9 9.1] 2] 1] 25,600 | 0.0069 
8.1 | 87.2 | 10.8 2 | 24,200 | 0.0092 
24 94.1 3.9 2 | 23,000 | 0.0011 


1 Measured 144 hr after loading to an extreme 
fiber stress of 21,000 psi. 


hardening capacity in Tables 4 and 5, 
also showed a slight superiority to the 
first and third alloys in resistance to 
bending. The bend-deflection value for 
the low-lithium alloy was markedly 
lower than the values for the three 
high-lithium alloys. 

The bend-deflection test had certain 
advantages over the other possible 
methods for determining work-harden- 
ing capacity. It could be used to ex- 
amine a large number of alloys at one 
time; specimen preparation was a sim- 
ple matter; and perhaps of greatest 
importance, temperature was not a 
variable in the course of the test be- 
cause it was readily conducted in a 
room kept at a constant temperature of 
85°F. 

The increase in hardness obtained by 
cold rolling a strip of the alloy to a 
reduction of 15 pct was also used as a 
measure of the effect of alloy additions 
on the work-hardening capacity of 
magnesium-lithium base compositions. 
It yielded some useful information and 
generally confirmed the results of the 
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FIG 23—Total bend deflection vs. tensile yield strength for various alloys. 
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bend-deflection test, but was not so 
sensitive as the bend-deflection method 
for revealing the effects of alloying ele- 
ments. A work-hardening test based on 
hardness measurements has the objec- 
tion that the hardness measurement 
itself depends to some extent on the 
work-hardening capacity of the mate- 
rial being tested. To determine the sta- 
bility of work-hardened alloys, the 
cold-rolled specimens were held at tem- 
peratures of 150 and 225°F and their 
hardness measured at periodic intervals. 

The bend-deflection test was also 
supplemented by the use of a tensile- 
creep test for the latter is a more sensi- 
tive method of determining plastic flow 
in the region of the yield strength than 
is the bend creep test. The alloy addi- 
tions which improved work-hardening 
capacity, as measured by the bend- 
deflection test, also improved the 
tensile-creep characteristics of the 
alloy. 


STABILITY 


The properties of high-strength mag- 
nesium-lithium base alloys are stable at 
room temperature. However at 150°F 
the alloys average slowly, with the 
magnesium strength being maintained 
not longer than 1000 hr. The stability 
is lower at higher temperatures. One of 


the more important objectives of the: 


present investigation was the improve- 
ment of stability of the alloys at 150°F 
and higher temperatures. 

It was found early in the experi- 
mental work that alloy additions which 
improved the bend-deflection character- 
istics of an alloy also improved the sta- 
bility of that alloy in the age-hardened 
state. Silver, which was shown in Fig 
22 and 23 to be markedly beneficial, 
had the following typical effect on 
stability: 


mental effort was directed to preparing 
various silver-containing alloy compo- 
sitions and testing them after extrud- 
ing, and after extruding and aging at 
150°F for 48 hr. The mechanical prop- 
erties of these alloys were discussed 
earlier in this paper. 

One of the first alloys prepared that 
showed fairly good stability had the 
composition 7 Mg/Li-3 pct zinc-7 pct 
cadmium-3 pct silver. This alloy had 
the following properties: 


HARONESS, ROCKWELL E 


° ' 10 100 1000 
TIME, IN HOURS 


FIG 24—Age-hardening characteristics 


of the 7 Mg-Li-3 pct Zn-7 pct Cd-3 pct Ag 
alloy. (Specimens quenched from 475°F.) 


Therefore, an investigation of the solu- 
bility limits of these elements in the 


Yield 
° Strength, 
psi 
INSEOX UBUCOG oars adit Aasckicoieyes ee ee 37,400 
As aged at 150°F for 48 hr.............. 35,500 


Tensile Reduc- | Hardness, 
Strength, longa” tion of Rockwell 
psi : Area, Pct E 
40,600 20 44 87 
39,400 28.5 43.3 88 


Age-hardening curves for this alloy, at 
room temperature and at 150°F, are 
shown in Fig 24. It is apparent from an 
examination of the curve for 150°F that 
a reasonably high hardness was main- 
tained for only about 100 hr. Thus, the 
fact that the mechanical properties 
after aging for 48 hr at 150°F were not 
appreciably changed from those ob- 
tained in the as-extruded state was no 
indication that the alloy was stable 
when held for extended periods at 
150°F. It became the practice with 
subsequent alloys to determine the 
aging curves, hardness vs. time at tem- 
perature, as well as the mechanical 
properties after various conditions of 
aging. 

Such hardness vs. time at tempera- 
ture curves showed that an increase in 
the amount of lithium above that re- 
quired to make the alloys 100 pct beta 
was beneficial because it improved the 
stability. In most alloys investigated, 
maximum stability was achieved at 6 
Mg/Li; therefore, a large number of 
compositions having a magnesium- 


Composition 


Sole Mg/Li-opct)| Cd-6 pet; Zim. tie c= arom ie 
Mg/Li-6 pct Cd-6 pet Zn-6 pct Ag.......... 


8.1 


As Extruded As Aged ates for 


Yield Yield 


Elongation, Elongation, 
poo Pet ee Pet 
35,800 20 24,400 36 
32,700 26 34,600 26.5 


Other examples of the effect of silver 
on the stability of mechanical proper- 
ties were shown in previous figures. 
When it was found that silver had an 
important effect upon the stability 
characteristics of age-hardened alloys, 
a considerable portion of the experi- 
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lithium ratio of 6 were studied. 
Although many elements were found 
which could cause precipitation in mag- 
nesium-lithium base alloys, it appeared 
that such precipitate-forming elements 
as silver, cadmium, aluminum, or 
zinc would be of major importance. 


6 Mg/Li-base alloys was initiated. An 
indication of the solubility limit for an 
element was obtained by adding it in 
small but increasing increments to a 
magnesium-lithium base, then solution 
treating the alloys by quenching from 


_500°F, and finally determining their 


change in hardness with time at 150°F. 
The maximum hardness values ob- 
tained upon aging are plotted in Fig 25. 
The apparent effective solubility limits 
at 150°F for the four elements in the 
beta-phase alloys of 6 Mg/Li base were 
roughly 8 pct silver, 12 pct cadmium, 
0.5 pet aluminum, and 1.5 pct zine. 

Investigations of this type were also 
conducted at other ratios of magnesium 
to lithium. In the beta phase, the solu- 
bility at room or at slightly elevated 
temperatures of almost every element 
increased as the lithium content in- 
creased. For example, at 8.1 Mg/Li, the 
maximum amount of cadmium that 
appeared soluble was 6 pct; at 6 Mg/Li, 
about 12 pct was soluble; and at 5 
Mg/Li, over 16 pct was soluble. Silver 
seemed to be an exception. At 8.1 
Mg/Li, over 12 pct silver was soluble; 
at 6 Mg/Li, only about 8 pct appeared 
to be soluble; while at 5 Mg/Li, less 
than 4 pet appeared to be soluble. 

In order to determine their effects in 
age hardening, a large number of ele- 
ments were added in various concen- 
trations to a 6 Mg/Li-4 pct cadmium-6 
pet silver base. The results of this study 
are shown in Table 7. Although many 
concentrations of each of the elements 
shown were studied, only that concen- 
tration is reported which had the 
greatest stabilizing effect on the alloy. 
It is interesting to note that many 
additions formed precipitates which 
were visible under the microscope yet 
did not cause age hardening. 
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FIG 25—Age-hardening effects of various elements 
on magnesium-lithium base. Alloys quenched from 
500°F and aged at 150°F. 
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FIG 26—Effect of aluminum on 150°F aging 
characteristics of a 6 Mg/Li-4 pct Cd-6 pct Ag 
alloy. (Alloys quenched from 500°F.) 
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magnesium-lithium base alloys. (Alloys quenched 
from 500°F.) 
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FIG 28—Aging behavior at 150°F of the 
6 Mg/Li-15 pct Cd-5 pct Ag alloy following 
solution treatment at 500°F. 


Table 7... Effect of Various Elements! on the Age Hardening Capacity of Magnesium-lithium Base Alloys 


Heat 
No. 


Intended Composition,! Pct 


Me/Li 


Ag Other 


Solution 
Treatment 
16 Hr at °F 


Aging 
Temperature, 
°K 


1414 
1416 
1417 

1418 
1421 
1430 
1431 
1434 
1436 
1439 
1432 


1477 


1.2In 


4 Zn 


500 


500 


600 


Hardness, Rockwell E 


Microscopical Examination 


Duration ‘ 
of Aging, Solid Solubility, Evidence of 
Hr As Solution | Maximum | At End | As Quenched from} Precipitation 
Treated As Aged | of Test Solution after Aging at 
Temperature 300°F 
55 Did not age harden Complete None 
Do Did not age harden 
55 Did not age hardea 
69 Did not age harden Incomplete Definite 
67 Did not age harden 
66 Did not age harden 
63 Did not age harden Incomplete Definite 
62 Did not age harden 
61 Did not age harden 
68 Did not age harden Incomplete Definite 
67 Did not age harden 
66 Did not age harden 
2500 61 69 69 Incomplete Definite 
60 Did not age harden 
60 Did not age harden 
2000 75 87 87 Nearly complete Definite 
3000 81 89 78 
UB Did not age harden 
2000 70 86.5 | 86.5 Incomplete Definite 
69 Did not age harden 
69 Did not age harden 
58 Did not age harden Incomplete Definite 
57 Did not age harden 
ave Did not age harden 
2000 70 88.5 | 88.5 Incomplete Definite 
70 Did not age harden 
70 Did not age harden 
59 Did not age harden Incomplete Definite 
59 Did not age harden 
59 Did not age harden 
2000 56 81 81 Complete Definite 
3000 56 65 65 
56 Did not age harden 
2500 73 95 | 95 Complete Definite 
2500 72 95 80 
72 Did not age harden 


1 Other elements investigated included Te, Be, P, Bi, Mn, B, and Co, but these were not recovered in the alloys. 
2 With the exception of these elements, chemical analysis generally showed good recovery of all components. 
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The effects at 150°F of various 
quantities of aluminum on the aging 
characteristics of the 6 Mg/Li-4 pct 
cadmium-6 pct silver-base alloy, as 
shown in the age-hardening curves of 
Fig 26, were particularly interesting. 
As the aluminum content of the alloy 
was increased to 6 pct, there was a 
continuous increase in the maximum 
hardness obtained by aging. The time 
at maximum hardness, however, de- 
creased as the aluminum content 
increased. 

A large number of magnesium- 
lithium, high-cadmium, high-silver al- 
loys were also studied. It was found 
that the alloys with 6 Mg/Li-12 pct 
cadmium-8 pct silver-0.5 pct alumi- 
num, and with 6 Mg/Li-16 pct cad- 
mium-6 pct silver, when quenched 
from 500°F and aged at 150°F, hard- 
ened appreciably and maintained their 
high hardness for a considerable length 
of time when held at that temperature. 
The aging characteristics of the two 
alloys are shown in Fig 27. As noted 
previously, neither of these alloys had 
as high ductility as was desired. A 
slight modification in composition of 
the alloys from 6 Mg/Li-16 pct cad- 
mium-6 pct silver to 6 Mg/Li-15 pct 
cadmium-5 pct silver improved the 
ductility considerably. The aging curve 
for the latter alloy is shown in Fig 28. 
The alloy, solution treated to a Rock- 


Table 8 . . . Corrosion Resistance of 
Magnesium-lithium and Mag- 
nesium-lithium-zinc Alloys 
Compared with that of 


Commercial Alloy 
ASTM No. M-1 


Average Loss 


Composition, Pct of Weight 
Heat |ASTM from 
No. | No. Corrosion,} 
Mg per Sq 
Zn| Mn! Li | Mg | Cm per Day 
251 M-1 1.26 


1 Tested in cyclic immersion in 3 pet NaCl 
solution for 8 days. Cycle was }% min. in the 
solution and 2 min. out. Solutions changed after 
4, days’ exposure. 


well E hardness of about 73, is soft and 
ductile. Sheet of the material at this 
hardness can be bent several times 
through an angle of 180° over a sharp 
’ edge (0 radius) and straightened with- 
out cracking. The alloy can be aged at 
150°F in about 48 hr to a maximum 
hardness of about 92 Rockwell E. At 
this hardness the yield strength of the 
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material is about 43,000 psi and the 
elongation is about 8 pct. 

The stability of magnesium-lithium 
base alloys may be improved by solu- 
tion treatment. Alloys aged from the 
hot- or cold-rolled states usually con- 
tain residual stresses so that the rate of 
precipitation is increased and hence 
stability impaired. 

Although the work-hardening capac- 
ity and the stability of magnesium- 
lithium alloys are not yet as desired, 
nevertheless considerable improvement 
has been made in these characteristics. 
It is of interest that the all-alpha phase 
magnesium-lithium alloys studied were 
quite capable of work hardening and 
their mechanical properties at ordinary 
temperatures were reasonably stable. 


Corrosion Resistance 


At the inception of the research pro- 
gram, it was expected that the addition 
of considerable percentages of lithium 
to magnesium would affect the corro- 
sion resistance adversely. The experi- 
mental program was conducted on the 
premise that, if magnesium-lithium 
base alloys of satisfactory mechanical 
properties were developed, a method 
of protecting them from corrosion by 
cladding or by the use of paints, 
lacquers, and varnishes could be 
effected. 

Early in the program, it was found 
that binary alloys containing about 11 
pet lithium were remarkably good in 
their resistance to corrosion. This was 
demonstrated by results in Fig 29 
which show the corrosive effect of 
alternate immersion in a 3 pct sodium 
chloride solution upon a series of 
magnesium-lithium base alloys. A speci- 


Table 9... Alternate Immersion, 


men of ASTM No. M-1 magnesium- 
base alloy, the most corrosion resistant 
of the commercial alloys, was used for 
comparison. The immersion cycle was 
standardized at one-half minute in the 
solution and two minutes out, the 
temperature of the solution being main- 
tained at 95°F. The corrosion rates of 
these alloys are given in Table 8. 

It is apparent from the data that the 
binary magnesium-11 pct lithium alloy 
(Mg/Li = 8.1) is as resistant to corro- 
sion, at least under the conditions of 
the test used, as the commercial alloy, 
ASTM: No. M-1. 

Results of corrosion tests on a 
series of magnesium-lithium-zinc-cad- 
mium-silver alloys in a 3 pct sodium 
chloride solution are shown in Table 9. 
For comparison purposes, a mag- 
nesium-lithium binary alloy, a magne- 
sium-lithium ternary alloy containing 
4 pet zinc, and three commercial 
magnesium-base alloys were also tested. 
The resistance to corrosion of the mag- 
nesium-lithium base complex alloys 
decreased with an increase in the com- 
bined zinc and silver contents, as shown 
in Fig 30. 

Preliminary tests showed that the 
6 Mg/Li-15 pct cadmium-5 pct silver 
alloy also had poor corrosion charac- 
teristics. Its resistance to corrosion 
might be improved by cladding with a 
more corrosion-resistant material, such 
as the 8.1 Mg/Li binary alloy or pure 
aluminum. To give maximum protec- 
tion, the cladding material should be 
anodic to the base material. Hence, 
solution potential measurements were 
made in a 3 pct sodium chloride solu- 
tion on the 6 Mg/Li-15 pct cadmium-5 
pet silver alloy, on the 8.1 Mg/Li 
binary alloy, and on 2S aluminum. The 
results obtained are shown in Fig 31. 


Salt-water Corrosion Resistance of 


Extruded Mg-Li-Zn-Cd-Ag Alloys Compared with Commercial 
Magnesium Alloys in Sheet Form 


Average Loss 
Intended Composition, Pct of Weight Sum of 
A from Zn and Ag 
Heat No. | Me/Li Corrosion,! Contents, 
Mg per Sq Cm Pct 
Mg Li Zn | Cd | Ag Al Mn per Day 

1091 6.0 75.4 | 12.6 6 0 6 18.7 12 
1095 6.0 Tat Wola 3 6 4 4 8.2 10 
1075 6.0 72.0 | 12.0 6 4 6 12.6 12 
1076 6.0 72'0) 102150 4 6 6 8.8 10 
1092 7.0 76.1 | 10.9 4 4 5 6.4 9 
1090 7.0 T5630 PLOT 4 4 6 10.5 10 
1077 7.0 1583) LOST 4 6 4 4.7 8 
1078 7.0 73.5 | 10.5 4 6 6 8.3 10 
1093 7.0 72.6 | 10.4 5 6 6 10.8 il 
1094 Ten 76.1 | 10.9 3 if 3 al S 
1079 8.1 73.0 9.0 6 6 6 oileal 1 
874 8.1 89.0 | 11.0 0.5 : 
875 8.1 85.4 | 10.6 4 2.2 
Dow FS-1 Bal. 1 DUN Os: 0.4 
Dow J-1 Bal 1 6.5 0.15 0.3 
Dow M-1 Bal 1.20 0.5 


1 Average of triplicate specimens. 
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FIG 29—Specimens of magnesium-lithium alloys compared with a 1.26 pct Mn-balance 


Mg alloy following cyclic immersion corrosion test in 3 pct NaCl. 
a. 10.6 pet Li-4 pct Zn-Balance Mg. b. 9 pct Li-4 pct Zn-Balance Mg. c. 11 pct Li-Balance Mg. 
d. 9.3 pct Li-Balance Mg. e. 4 pct Li-Balance Mg. f. 2 pct Li-Balance Mg. g. 1.26 pct Mn-Balance 
Mg (ASTM No. M-1 alloy). Reduced approximately one-third in reproduction. 


It was evident from the data that the 
8.1 Mg/Li binary alloy was anodic to 
the high-strength alloy and, thus, 
would be expected to offer galvanic 
protection. On the other hand, 28 
aluminum was found to be cathodic to 
the high-strength alloy and could be 
expected to afford only mechanical 
protection. 

The 6 Mg/Li-15 pct cadmium-5 pct 
silver alloy can be clad either with the 
8.1 Mg/Li binary alloy or with com- 
mercially pure aluminum. To obtain a 
bond between the materials used in 
cladding, sheets of the materials assem- 
bled in packs were tack welded at the 
edges and then rolled at temperatures 
above 600°F. Microscopical examina- 
tion of the interface between the strong 
alloy in the core and the 8.1 Mg/Li 
binary alloy at the surface of the clad 
structure showed that actual welding 
had occurred in the process. On the 
other hand, the interface between the 
strong alloy in the core and 2S alumi- 
num showed the existence of a thin 
layer of brittle, intermetallic com- 
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pounds. For the clad structures in the 
as-rolled condition, these compounds 
were not deleterious; but after pro- 
longed heating at 400°F, the inter- 
metallic layer failed, causing the 
aluminum to separate from the mag- 
nesium-lithium base alloy. 

The results of a series of corrosion 
tests made on the clad alloys are shown 
in Table 10. It appears that the corro- 
sion resistance of the 6 Mg/Li-15 pct 
cadmium-5 pct silver alloy clad with 
the 8.1 Mg/Li binary was fairly good, 
although it did not quite equal that of 
the commercial magnesium-base alloys, 
AZ61X or Ml. Painting of the cut edges 
of the clad material was especially 
effective in reducing corrosion in the 
simulated marine atmosphere. Clad- 
ding with 2S aluminum was advantage- 
ous where the edges of the core alloy 
were protected by paint. 

In order to determine the extent of 
anodic protection offered by the 8.1 
Mg/Li cladding on the 6 Mg/Li-15 pct 
cadmium-5 pct silver alloy, a number 
of specimens were tested on which a 


ALTERNATE IMMERSION IN 3% NaCl | 


AVERAGE WEIGHT LOSS, Mg./Gm*/ DAY 


SUM OF Zn AND Ag CONTENTS, % 
FIG 30—Effect of silver and zinc on 
corrosion resistance of Mg-Li alloys in 
salt water. 


ly 4- to 14-in. wide strip of the cladding 
was removed by machining to expose 
the core material. These specimens 
were tested in aerated 3 pct sodium 
chloride and aerated synthetic sea 
water. As shown in Fig 32, the binary 
alloy cladding afforded protection to 
the exposed base alloy when a strip as 
wide as 1% in. of the base alloy was 
exposed. These experiments were in 
agreement with the solution potential 
measurements reported in Fig 31. 


Metallography 


A considerable amount of work in 
connection with microstructural ex- 
aminations and X ray diffraction 
studies was conducted on the magne- 
sium-lithium base alloys. In agreement 
with work of other investigators, it was 
shown that the beta-phase solid solu- 
tion had a body-centered-cubic lattice 
similar to that of lithium. The beta 
phase was obtained when additions of 
10.5 pet of lithium or more were made 
to magnesium. No attempts were made 
to establish with any degree of accuracy 
the exact location of the boundary 
between the alpha plus beta and the 
beta-phase regions which, according to 
the literature, exists at about 10.3 pct 
lithium. 

The ternary Mg-Li-Zn, Mg-Li-Cd, 
Mg-Li-Al, and Mg-Li-Ag alloys having 
sufficient lithium to consist of beta 
solid solution and a sufficient quantity 
of the third element, may contain a 
precipitate which has been termed 
theta. From X ray diffraction studies, 
theta has been assigned the tentative 
composition MgLi - LiX where X repre- 
sents any of the elements zinc, cad- 
mium, aluminum, silver, indium, or 
thallium. The lattice parameter of the 
theta phase has a value of about 6.92 
A in the cadmium-bearing alloys, a 
value of from 6.66 to 6.68 A in the 
zinc-bearing alloys, a value of 6.72 A 
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in the aluminum-bearing alloys, and a 
value of 6.78 A in the silver-bearing 
alloys. The latter value is in fairly close 
agreement with the theoretical value 
of 6.81 A calculated for MgLi- LiAg. 

Partial solution of the theta phase 
appeared to begin in the neighborhood 
of 300°F, and complete solution of the 
theta phase in most of the experimental 
alloys was evident at temperatures of 
the order of 450 to 550°F. The experi- 
mental alloys for the most part con- 
tained relatively small amounts of 
theta-forming elements, and none of 
the alloys susceptible to aging con- 
tained excessively large amounts of 
theta. In the Mg-Li-Ag alloys, the 
lattice parameter of the theta phase 
was observed to change as aging 
progressed at 150°F. The highest ex- 
perimental value obtained was 6.78 A, 
but this decreased to 6.70 A after a 
long time at 150°F. A similar change in 
the lattice parameter of the theta 
phase was also observed in the Mg-Li- 
Zn and Mg-Li-Cd alloys. Such varia- 
tions in lattice parameter may indicate 
that the theoretical structure MgLi- 
LiX, heretofore assigned to theta, is a 
transition structure which changes on 
prolonged aging. Another — possible 
explanation, discussed later in this 
paper, is that theta only approximates 
the composition MgLi- LiX and that 
it may have appreciable quantities of 
lithium in solution. Attempts to deter- 
mine the cause of the changes in lattice 
parameters are planned for later study. 

In addition to the theta phase, LiAl 
has been found in the Mg-Li-Al alloys. 
Since most of the experimental effort 
has been devoted to low-aluminum- 
bearing alloys, and since this phase 
appears to be more prevalent in the 
higher aluminum alloys, no specific 
information about its occurrence has 
been obtained. It has been observed, 
however, that LiAl is soluble in the 
matrix at high temperatures and can 
be precipitated at low temperatures. 
Its occurrence has been identified in 
8.1 Mg/Li alloys containing as little as 
2 pet aluminum after aging at 150°F. 
Moderate quantities of LiAl occur at 
6 pct aluminum and large quantities at 
12 pct aluminum, the quantities in- 
creasing at both aluminum contents 
with reduction in lithium content. 

In the Mg-Li-Cd alloys, when addi- 
tions of cadmium were up to 12 pct, an 
unidentified phase was observed. Al- 
though the phase was not identified, it 
was established that it was neither 
Mg;Cd nor LiCd. 

The occurrence of the theta phase 
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6 Mg/Li-15% Cd -5% Ag 
8.1 Mg/Li BINARY 
—-— 2S ALUMINUM 


POTENTIAL, IN VOLTS (SATURATED CALOMEL SCALE) 


TIME, IN MINUTES 


FIG 31—Time-potential values for magnesium- 
lithium alloys compared with aluminum, 3 pct 


NaCl solution at 95°F. 


and lithium-bearing compounds in 
ternary alloys is associated with a 
tendency toward the formation of the 
alpha phase. Theta and the lithium- 
bearing compounds appear to remove 
some lithium from the matrix so that 
alpha can form in their immediate 
vicinity. The association of the alpha 
phase with theta is shown in Fig 33, 
where a precipitation pattern of theta 
and alpha occurs in a_pearlitic-like 


structure in the beta background. Fig 34° 


shows the same type of pearlitic struc- 
ture after long-time aging, the white 
material in this case being the alpha 
phase. This is evidence that theta can 
absorb sufficient lithium from the 
magnesium-lithium solid solution to 


produce an alloy of predominantly 
alpha phase, and is probably best ex- 
plained by considering theta to be a 
phase in which large quantities of 
lithium are soluble. 

The mode of precipitation of the 
theta phase in magnesium-lithium base 
alloys was of interest. A Mg-Zn-Cd-Ag 
alloy extruded at a temperature suffi- 
ciently low to produce some cold work- 
ing is shown in Fig 35. This alloy was 

aged 48 hr at 150°F. It is apparent from 
the micrograph that the precipitated 
theta phase is concentrated within the 
cold-worked grains. The same structure 
at a higher magnification is shown in 
Fig 36. The strength and ductility of 
alloys in which precipitation “occurs 


Table 10 . . . Corrosion Tests on a Clad Magnesium-lithium Base Alloy 


Type of Corrosion Test and Results! 
eee Specimen Description | 1. Alternate Immer- | 2. Partial Immersion | 3. Simulated Marine 
ae Or and Intended sion in 3 pct NaCl in Aerated Sea Atmosphere? at 
ON Composition, Pct at 95°F for 24 Hr. Water at 95°F. for | Room Temperature 
EG INe Average Weight 24 Hours. Average for 48 Hr. Average}, 
Loss, Mg per Cm? Weight Loss, Mg Weight Loss, Mg 
per Day per Cm? per Day per Cm? per Day 
32 6 Mg/Li-15 pct Cd-5 pet 1.59 1.66 0.92 
Ag alloy, clad on both 
sides with 8.1 Mg/Li 
binary 
32 Same, except cut edges 1.55 1.52 0.290 
of core alloy were pro- 
tected by paint 
ah 6 Mg/Li-15 pet Cd-5 pct 50.3 48.9 1.48 
Ag alloy, clad on both 
sides with 2S alumi- 
num 
33 Same, except cut edges 12.7 8.97 0.045 
of core alloy were pro- 
tected by paint 
34 6 Meg/Li-15 pct Cd-5 41.9 47.5 5.3 
pet Ag alloy, clad on 
one side with 2S alumi- 
num 
35 6 Meg/Li-15 pct Cd-5 6.12 3.94 4.14 
pet Ag alloy, clad on 
one side with 8.1Mg/Li 
binar 
36 Same Y 5.51 3.54 5.20 
2002 |6 Pale pet ice 7.94 15.9 6.65 
pet Ag alloy, uncla 
2003 8.1 Mg/Li binary 0.81 1.47 0.263 
28 Commercially pure 0.00 0.07 0.00 
aluminum 
AZ61X3|6.5 pet Al-1.0 pct Zn- ie oat 0.11 
0.2 pet Mn-Balance 
4 
M13 1.5 pct Mn-Balance Mg 0.50 0.16 


1 The samples were cut from hot-rolled sheet material approximately 0.040 in. thick. ; 
2 In this tose the cabinet was opened for 8 hr each week day and closed for the remainder of the time. 
3'These specimens were exposed for two weeks. Long exposurcs generally produce lower overall 


corrosion rates. 


The above results are based on averages of two specimens. 
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FIG 32—Experiment to show the sacrificial protection granted by the 8.1 Mg/Li 
binary alloy to the 6 Mg/Li-15 pct Cd-5 pct Ag base alloy. Test conditions: 
48 hr immersed in aerated sea water at 95°F. (Note: The amount of cladding 


exposed is the same in all three experiments.) 


a. Binary alloy. b. Exposed base alloy, }/¢ in. c. Binary alloy. d. Binary alloy. e. Exposed 
base alloy, 4¢ in. f. Binary alloy. g. Binary alloy. h. Exposed base alloy, }4 in. i. Binary alloy. 


in the cold-worked grains are higher 
than for alloys which are solution 
treated wherein the grains are equiaxed 
and where precipitation occurs only at 
grain boundaries. 
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Summary and Conelusions 


The hexagonal, close-packed crystal 
lattice of magnesium can be converted 
to the body-centered-cubic lattice of 


lithium by an addition of about 10.3 
pet by weight or more of lithium. 
Additions of lithium of between 5.7 and 
10.3 pet produce a structure which is a 
mixture of lithium dissolved in alpha, 
hexagonal magnesium, and magnesium 
dissolved in beta, body-centered-cubic 
lithium. 

The conversion of the crystal lattice 
from hexagonal to body-centered cubic 
improves many of the properties of 
magnesium. Some of these improve- 
ments are: 

1. Increased ratio of compressive to 
tensile yield strength; the compressive 
yield strengths of beta-phase magne- 
sium-lithium base alloys equal or sur- 
pass the tensile yield strengths. 

2. Increased modulus of elasticity in 
compression so that the compressive 
modulus equals the tensile modulus. 

3. Improved formability at room 
temperature. 

4. Improved hot- and cold-rolling 
and extrusion characteristics. 

Because of these improvements, a 
major portion of the experimental work 
was devoted to the study of the 
single-phase beta alloys. Considerable 
attention was also given to the single- 
phase, lithium-bearing alpha magne- 
sium alloys and the two-phase alioys, 
since these alloys have certain ad- 
vantages over magnesium, such as 
improved working characteristics, but 
have lower cost than the higher lithium 
alloys. 

The melting of magnesium-lithium 
alloys is no more difficult than the 
melting of ordinary magnesium, pro- 
vided certain precautions are followed. 
The alloys are generally melted in a 
steel crucible under an argon atmos- 
phere or lithium chloride-lithium flu- 
oride flux, or a combination of both. 
They can be poured in air without 
protection. Cast iron, or graphite ingot 
molds are quite satisfactory, but they 
should be dried before they are used. 

The magnesium-lithium alloys can 
be hot worked with ease at tempera- 
tures of the order of 450°F. They can 
be cold rolled without difficulty and 
total reductions of 50 pct are common 
for most compositions. Many of the 
magnesium-lithium base alloys can be 
cold drawn. However, some difficulty is 
encountered when starting the cold- 
drawing operation because the alloys 
do not work harden well and tips 
formed on the ends of bars are not 
sufficiently strengthened to withstand 
the stresses necessary to start the bar 
through the die. 

Magnesium-lithium base alloys hav- 
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ing good mechanical properties invari- 
ably possess hardnesses of the order of 
85 Brinell. High-strength magnesium- 
lithium base alloys have been devel- 
oped which have densities of the order 
of 1.45 to 1.65 g per cc, compared with 
a density of 1.8 g per cc for present 
magnesium-base alloys and about 2.8 
for aluminum-base alloys. Since yield 
strengths of approximately 40,000 to 
45,000 psi can be obtained with these 
alloys, they compare favorably on a 
strength-weight basis with the strong- 
est available commercial aluminum- 
base alloy, 75ST. 

The modulus of elasticity of magne- 
sium-lithium base alloys varies slightly 
with composition; however, the alloys 
possess an average value of about 
6,500,000 psi, which is the same in ten- 
sion and compression. This value com- 
pares favorably with that for the 
commercial magnesium-base alloys. 
Because of the low density of the mag- 
nesium-lithium alloys, it can be shown 
that their resistance to buckling during 
compressive loading is better than for 
equivalent weights of commercial mag- 
nesium-base alloys or other available 
commercial structural alloys. 

Two characteristics of the mag- 
nesium-lithium base alloys containing 
the body-centered-cubic phase which 
have been found to be closely interre- 
lated are poor work-hardening capaci- 
ties and lack of stability of mechanical 
properties in the age-hardened state. 
A simple bend-deflection test, in which 
alloy specimens were loaded above the 
yield stress, was developed to deter- 
mine which alloy addition improved the 
work-hardening characteristics. This 
test is described in detail. Those alloy 
additions which were most effective in 
improving work-hardening character- 
istics were also very beneficial in 
improving stability of mechanical prop- 
erties. The degree of stability was 
determined by comparing curves show- 
ing the relationship of hardness to 
aging time at 150°F. 

By means of these tests, it was found 
that the addition of silver to the alloys 

was most effective both in improving 

the work-hardening capacity of the 
alloys and in stabilizing the mechanical 
properties of age-hardened alloys. How- 
ever, although great progress has been 
made in improving these charac- 
teristics, they are not yet entirely 
satisfactory. 

One of the best alloys developed 
thus far, from the standpoint of stabil- 
ity, has a composition of 68.5 pct 
magnesium, 11.5 pct lithium, 15 pct 
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FIG 33—(Above) Pearlitic structure with beta background 
found in Mg-Li-Zn-Cd-Ag alloys after extruding and aging 
at 150°F. (Etched in 2 pct HF.) < 500. 


FIG 34—(Below) Same as Fig 33 but after a prolonged aging 


at 150°F. 


_ This shows a pearlitic structure with massive alpha phase. Mas- 
sive alpha phase is found only when large quantities of pearlite are 
present. (Etched in 2 pct. HF.) X 1200. 


cadmium, and 5 pct silver. Its yield 
strength of 43,000 psi and its elongation 
of about 8 pct can be maintained at a 
temperature of 150°F for an extended 
period. 

The corrosion resistance of most 
magnesium-lithium base alloys, espe- 
cially those containing large quantities 
of zinc, silver, and/or cadmium is poor; 
however, it was observed that the 
magnesium-lithium binary alloy con- 
taining about 11 pct lithium had good 
corrosion resistance. This material can 


be used to clad and to protect anodi- 
cally many of the higher strength 
alloys. 

The magnesium-lithium base alloys 
containing zinc, aluminum, cadmium, 
and/or silver can be hardened by the 
precipitation of a phase, called theta, 
which was assigned the tentative for- 
mula MgLi- LiX where X may be any 
one of the elements zinc, aluminum, 
cadmium, or silver. The lattice param- 
eter of theta phase varies slightly with 
composition and aging time. It was 
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FIG 35 (Above)—Banded structure found in extruded Mg- 
Li-Zn-Cd-Ag alloys. (Etched in 2 pct HF.) X 100. 


FIG 36 (Below)—Same as Fig 35 except at X500. Note 
distorted unrecrystallized material. (Etched in 2 pct HF.) 


concluded tentatively that the theta 
phase is a transition structure in which 
large quantities of lithium are soluble. 
Future research on magnesium- 
lithium alloys will undoubtedly be con- 
cerned with improvements in stability, 
work-hardening capacity, and corrosion 
characteristics, and with efforts to 
employ alloying elements which are 
relatively inexpensive and plentiful. 
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Self-diffusion in Sintering of 


G. C. KUCZYNSKI,* Member AIME 


Two particles in mutual contact 
form a system which is not in thermo- 
dynamical equilibrium, because its 
total surface free energy is not a 
minimum. If such a system is left for a 
certain period of time, the bonding of 
the two particles will take place in 
order to decrease the total surface area, 
even though the temperature is lower 
than the melting point. This phe- 
nomenon of bonding of two or more 
particles with the application of heat 
only and at temperatures below melt- 
ing point of any component of the 
system will be called sintering, al- 
though the powder metallurgists use 
this term in a broader sense, including 
the presence of molten phase and pres- 
sure. It is the objective of this paper to 
study this process and the mechanisms 
involved in it. 

This problem is of utmost importance 
to powder metallurgy and powder 
ceramics, and its technological aspects 
have been studied for a good many 
years. However, the powder metallurgi- 
cal operations are too complex and 
include too many superimposing mech- 
anisms, and too many variables for a 
direct study. It was therefore advisable 
for the purposes of this study to reduce 
the variables to a minimum. In this 
work the radius of the interface 
formed during bonding in a simple 
system composed of a spherical particle 
and a large block of the same metal was 
studied as a function of time and tem- 
perature. It is believed that the 

‘mechanism involved in this simple 
process is fundamental to any sintering 
operations. 


Previous Work 


J. Frenkel! was the first to make a 
serious attempt to develop a theory of 
sintering. He assumed that the process 
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Metallic Particles 
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FIG 1—Schematical representation of the cross-section of a 
spherical particle sintered to a metallic block. 


consists of a slow deformation of 
crystalline particles under the influence 
of surface tension which reduces to a 
viscous flow where the coefficient of 
viscosity 7 is related to the self-diffusion 
coefficient D by the following equation 

PaeDo 

Ake (1] 
where 6 is interatomic distance, k the 
Boltzman constant, and T the absolute 
temperature. This type of viscous flow 
of a crystalline substance is essentially 
different from the ordinary plastic 
flow. The latter is a specific prop- 
erty of crystals and cannot take place 
in amorphous bodies. According to 
Frenkel this viscous type of flow is due 
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to the diffusion of the holes or vacan- 
cies arising in the lattice. He was able 
to derive an equation relating the 
growth of the interface between two 
spherical crystalline particles or be- 
tween a particle and a semi-infinite 
crystal (Fig 1) to time ¢ at constant 
temperature. This relationship can be 
written as follows: 

ao 
n 
where x is the radius of the interface 
assumed to be circular, a the original 
radius of the sphere and o surface ten- 
sion of the material. The other assump- 


3 
= 5) t [2] 


x. 
tions are that as less than 0.3 and that 


during the period ¢ the original radius, 
a, of the metallic particle did not 
change appreciably. 

A. J. Shaler and J. Wulff? followed 
closely the ideas of Frenkel in their 
theory of sintering of a mass of metallic 
powder. Neither Frenkel nor Shaler 
has validated his theoretical specu- 
lations with conclusive experimental 
data. Two measurements reported by 
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FIG 2—Copper particles sintered to copper blocks. a. At 700°C for 4 hr, 800 <. b. At 800° for 2 hr, 900 X c. At 900°C 
for 1 hr, 1000 <. d. At 1000°C for 0.5 hr, 600 X. 


Shaler for copper powder sintered at 
850 and 900°C yielded a value for the 
heat of activation of self-diffusion in 
copper which was 10 pct higher than 
those obtained by other methods. This 
is by no means an adequate test of the 
theory. In the first place two such 
measurements are not sufficient for 
evaluating the coefficient of  self- 
diffusion D. More important, however, 
is the fact that the temperature de- 
pendence is of secondary importance 
only. The final check of this theory will 
come from the experimental investiga- 
tions of the time relationships such as 
[2] above as will be shown later. 

B. Ya. Pines’ developed a theory of 
sintering of the powder compacts based 
upon different assumptions. According 
to him the atoms from the surface of 
the compact migrate by diffusion to the 
internal voids filling them gradually, or, 
as Pines puts it, by moving the voids 
out from the body. This mechanism is 
essentially different from that postu- 
lated by Frenkel. The difference is that 
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while Pines visualizes sintering as filling 
of the voids atom by atom, Frenkel 
envisions them filled by slow viscous 
creep of the crystal. The conclusions 
arrived at by Pines are only of qualita- 
tive nature and do not render them- 
selves for experimental verification. 


Theoretical Considerations 


Formation of the common interface 
between two particles or a particle and 
a crystal block can be achieved by one, 
or a combination of, the following 
mechanisms: viscous or plastic flow, 
evaporation and condensation, volume 
diffusion and surface diffusion. 

As the objective of this paper is to 
determine experimentally which of 
these mechanisms are involved in 
sintering of the particles it is important 
to discuss briefly each of these in order 
to find out what kind of relation- 
ships characteristic for each mecha- 


nism could be established and tested 
experimentally. 


VISCOUS OR PLASTIC FLOW 


This mechanism has already been 
discussed in connection with Frenkel’s 
paper.’ If only mechanism of viscous 
flow were responsible for sintering, the 
relationship between the radius of the 
interface and the time of heating at a 
given temperature would be expressed 
by Eq 2. A similar expression could be 
derived for plastic flow with only a 
different temperature dependent coeffi- 
cient at variable f. 


EVAPORATION AND CON- 
DENSATION 


According to the kinetic theory the 
rate G of evaporation of a gas from a 
surface above which the equilibrium 
pressure is p;, and the rate of condensa- 
tion on a neighboring surface of pres- 
sure Po is 
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1G=K(pi — P2) [3] 
where K is a function of temperature 
only. The equilibrium pressures are 
related to the respective radii of 
curvature. In our case p is the radius of 
the area of condensation and a the 
radius of the area of evaporation by the 
well known Kelvin equation: 


ps —2083 /1 ) 


In 


pee me [4] 

where o is the surface tension of the 

body. 

A AP 
S p<<a, Ppo=p; — Ap and |. 


is small, Eq 3 can be written as follows: 
| it 

G 7 [5] 
where K’ is a function of temperature 
and p; only. In our problem (Fig 1) pi 
can be regarded constant because the 
radius of the sphere does not change 
appreciably. The radius of curvature p 
can be approximated as a function of x 
as follows: From Fig 1, it is obvious 
that 


Des a (1 — cos 8) or p = 2asin®s 


as @ is very small and equal to = 
ye 
WOE 
Introducing this value for p in [5] we 
obtain 


The rate of condensation G on the area 
A of the junction between the particle 
and the crystalline block should be 
equal to the rate of mass transport 
which in turn is proportional to the 
rate of change of volume of the junc- 
tion. We can write then 


«dy 
AG = Ba 
where @ is independent of time. 
ee x 
But A =n and V Smee so 
Kk" . dz 
4s ee Meee 
28 dt 
and after integration 
3 KY. 
t— 3 mei . [6] 


In other words if the mechanism of 
evaporation and condensation were re- 
sponsible for the formation of interface 
between particles, the radius of the 
junction should grow with such a rate 
that its cube would be proportional to 
time. 


VOLUME DIFFUSION, 


If we assume the vacancy «theory 
of diffusion, then the area near the 
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FIG 3—Silver particles sintered to silver blocks. 200 X. a. (above) At 800°C 
for 24 hr. b. (below) At 900°C for 2 hr. 


interface should have higher hole 
concentration than the remaining body 
of the particle. This is due to the fact 
that near the interface, where the 
radius of curvature is small the surface 
energy is very high and it can be 
lowered by decreasing the surface area. 
The decrease in surface area is pro- 
duced by an increase in the interface 
volume which is accomplished by a 
larger concentration of vacancies pres- 
ent in that region. If the interstitial 


atom mechanism is assumed, the 
junction area should be deprived of the 
interstitial atoms in order to decrease 
the total surface. This causes the flow 
of atoms from the other parts of our 
system to the junction. The third 
possible mechanism of diffusion known 
as atom exchange mechanism and 
sometimes considered possible*+!* is 
automatically eliminated if the actual 
sintering is caused by diffusion because 
in this case no concentration gradient 


METALS TRANSACTIONS . . . 171 


1.4 1.5 L6 «17 1.8 1.9 


2.0 
LOG f¢ 


FIG 4—Logarithm of the ratio of the interface radius x to the radius of a copper particle sintered at indicated temperatures, plotted against 
the logarithm of sintering period ¢. The numbers at the points express time of heating in hours. 


would be present. It is convenient to 
assume that the hole mechanism is the 
actual mechanism prevailing in self- 
diffusion of metals. In such a case, the 
surface forces tending to decrease the 
total surface area will build a high 
concentration of holes* underneath the 
surface of the junction between the 
particle and the crystal block. This 
increment of concentration AC can be 
calculated from Kelvin’s Eq 4 
206% (1 1 
Ac = Fr (5-5) 


where C is the saa concentra- 
E 


tion of the holes equal toe 87, E being 
the energy required to produce such a 
hole in the lattice. As >> p the last 
equation can be written in the following 
form 


As the concentration gradient is ap- 
proximately equal to ac, we can write 
the Fick’s equation for our case 
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KOSS eal 
A-~D =r (7] 
2 3 
where pe AS ar— ands je 


4 
Meer, 
holes diffusion which obviously fulfills 

E 


as before and D’ the coefficient of 


the following equation D’ e RT = D, 
where D, is the coefficient of volume 
self-diffusion for a given metal. Intro- 
ducing all these values into Eq 7 and 
integrating, we obtain 

x 40068 

Gir. =e 
or in other words if the mechanism of 
diffusion was responsible for sintering, 
the fifth power of the interface radius is 
proportional to time. 


Dut [8] 


SURFACE DIFFUSION 


Very similarly we shall obtain the 
relation between radius x and time ¢ 
in case the prevailing mechanism is 
surface diffusion. We have to put only 
A & 276 with concentration gradient 


and volume rate the same as in the 
case of volume diffusion. 

Integrating the differential equation 
resulting from Fick’s equation we 
obtain 

ae O10" 
where D, is the coefficient of surface 
diffusion. 

Summing up we can tabulate the re- 
lationships between radius x of the 
interface formed during sintering be- 
tween two particles and time t. These 
relations are as follows: 

Viscous or plastic flow v~wt 
Evaporation and condensation x? ~ ¢ 
Volume diffusion xe ~t 
Surface diffusion “i wt 
The experiments described in the next 
paragraph were carried out in order to 
decide which mechanism or mecha- 
nisms actually prevail during sintering. 


Experimental Method 


In order to study experimentally the 
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Table 1. . . Copper Powder 


et 


Table 3... The Volume Diffusion 


Table 4... The Volume Diffusion 
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relationship between the radius of the 
interface as a function of time and 
temperature it is necessary to measure 
this radius directly if possible. This was 
achieved by a very simple although 
somewhat laborious method. The me- 
tallic particles of spherical shape were 
dispersed on a flat block of the same 
metal, heated in a controlled atmos- 
phere (hydrogen in the case of copper, 
hydrogen or air in the case of silver) 
at different temperatures and for 
various periods of time. After heating, 
the blocks with the particles sintered to 
them were mounted in bakelite and 
cut, in order to obtain a diametral 
cross-section of the particle in contact 
with the block. This cross-section was 
then examined under the microscope. 
The diameters of the particles and 
their interfaces with the blocks were 
readily measured with the microscope 
eyepiece micrometer. In order to as- 
sure the greatest accuracy of these 
measurements, the specimens were 
successfully polished down and after 
each of such operations readings of 
the radius of the interface for each 
particle were taken until a maximum 
radius was obtained. 

The metals used in these experiments 
were copper and silver. The copper was 
round, atomized powder obtained from 
Greenback Industries, Inc. The shape 
of the powder particles was nearly 
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spherical as can be seen from Fig 2, 
a, b, c, and d. The diameters of these 
particles ranged from 4 to 100u. The 
powder was fractionated by the elutri- 
ation method into three lots. The first 
lot contained particles greater than 35u, 
in diameter. The second particles be- 
tween 15-35 and the third, particles 
less than 15y. The silver used was 
coarse atomized powder of about 350u 
in diameter furnished by Stevens Insti- 
tute of Technology. This powder con- 
sisted of almost perfectly spherical 
particles as can be ascertained from 
Fig 3, a and b. The copper powder con- 
tained some oxygen so it was reduced 
by packing it in carbon and heating in 
a hydrogen atmosphere at 900°C for 
18-24 hr. The resulting powder devel- 
oped some blow holes. The copper 
blocks were cast of oxygen free high 
conductivity copper, the silver was 
spectroscopically pure. Their surfaces 
were thoroughly polished and cleaned 
by etching before the. powders were 
dispersed on them. The copper was 
etched with ammonium hydroxide plus 
hydrogen peroxide and the silver speci- 
mens with potassium dichromate. After 
heating, the specimens were plated with 
nickel in order to avoid loosening or 
deforming the interfaces during the 
subsequent metallographic operations. 


Table6 ... The Heat of Activation 
Q, of self Diffusion and Fre- 
quency Factor D°, for 
Copper as Deter- 
mined by Various 


Investigators 
Q» cal per o. cm* 
Authors eee D°s ae 
F. N. Rhines and B. F. 
Mehlé....... Sata nace 44,000 
BawWe Rollint yc ekect. oo 61,000} 47.0 
J. Steigman, W. Shockley, 
ASGINEXS Govan. ees cee 57,200] 0.9-11.0 
C. I. Raynor, L. Thomas- 
sen, and L. J. Rouse?®.... 46,800] 0.3 
S. Maier and H. R 
INGISO nO: ois cieadicvujsre ees 54-61,000| 0.1-0.6 
This Investigation........ :000 |70.0 
Silver 
W. A. Johnson!!.......... 45,900] 0.89 
This Investigation........ 42,000] 0.60 


At least ten particles were measured for 
each temperature or time period. Some 
micrographs of the observed particles 
sintered to the metallic blocks are 
shown in Fig 2, a, b, c, and d and Fig 
3, a and b. 

Very fine copper particles (less than 
10u) in diameter were not as round as 
the coarse ones and consequently 
yielded more scattered results. Also, it 
was impossible to polish down these 
particles, in order to obtain the maxi- 
mum radius of their interface. Conse- 
quently a large number of them were 


METALS TRANSACTIONS . . . 173 


LOG ¢ 


FIG 5—Logarithm of the ratio of the interface radius x to the radius a of silver particles sintered at indicated temperatures, plotted against the 
logarithm of sintering period ¢. The numbers at the points express time of heating in hours. 


measured and only the largest values of 
radii were used for future calculations. 


Results 


Tables 1 and 2 contain the results ob- 
tained from measurements of the inter- 
face radii of copper and silver particles 
heated to different temperatures for 
various periods of time. 

In the first and second columns of 
these tables, the temperature in degrees 
centigrade and time in hours are listed. 
The third and fourth column contain 
the observed radii of the interface and 
of the particle respectively (in centi- 
meters). In the fifth column the ratios 


of these radii are given. The log A 


versus log ¢ plots are given in Fig 4 and 
5. The points fall on the straight lines 
whose inverse slope n is approximately 
equal to 5, as can be seen from the sixth 
volume of tables where the n values are 
listed. 
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The numbers at each point express the 
length of time in hours, for which a 


‘given specimen was heated. 


The value 5 of the inverse slope n 
of the log </log t plot indicates that 


within the range of temperatures, pe- 
riods of time and particle size, used in 
this work and listed in Tables 1 and 2, 
the predominant mechanism of sinter- 
ing is volume diffusion in agreement 
with Eq 8. This last equation permits 
us to evaluate the coefficient of volume 
diffusion D, for each temperature pro- 
vided that the interface radius is 
known. There is uncertainty in the 
value of the surface tension of copper 
and silver as they have not been deter- 
mined experimentally for solid metals. 
In this work the values of surface ten- 
sion as measured for molten metals 
were adopted, based on the assumption 
that they should be close to those for 
solids. The error introduced by this 
choice would not change the order of 


magnitude of the coefficient of diffu- 
sion, calculated from Eq 8. Thus, for 
copper ¢ = 1200 ergs per cm? and for 
silver ao = 1000 ergs per cm? was used. 
The values of D, for copper and silver 
are listed in Tables 3 and 4 respectively, 
along with temperatures and periods of 
heating time, radii of the particles and 
interfaces. 

D, was plotted on the semi-loga- 


T being 


absolute temperature. For large par- 
ticles of 404 or more in diameter 
straight lines were obtained as shown. 
in Fig 6 and 7. 

The heats of activation of volume 
diffusion, Q., and frequency factors, 
D°, were determined from these graphs. 
Thus for copper Q, is 56000 cal per mol 

cm? 


pees cm? } 
and D®, = 70 ane and for silver 


Q. = 42000 cal per mol and D®, = 


cm? 
OGwes 
sec 


‘ : ‘ 1000 
rithmic scale against ar 


These values are in good 
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FIG 6—Variation of volume self-diffusion coefficient of copper with temperature as 
determined from sintering experiments. Logarithm of D, vs. reciprocal of absolute tem- 


peratures. 


agreement with those obtained by 
various workers who used the radio- 
active tracer method as is shown in 
Table 6. This suggests that the above 
described method may successfully be 
used for determination of the coefficient 
of self-diffusion of metals without using 
radioactive tracers. As it is difficult to 

get a perfectly round metallic particle 
it is more convenient to use wires and 
measure their rate of sintering to 
metallic blocks.* 

Fig 6 shows that the coefficients of 
volume. diffusion calculated from the 
rates of interface growth for small 
particles, (less than 30 in diameter) 
when plotted on the semi-logarithmic 


* The work leading toward experimental test- 
ing of this latter method is now in progress in 
the Sylvania Metallurgical Laboratories. 
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1 
scale versus wp at lower temperatures 


show deviations from the straight line 
although they fall on this line at higher 
temperatures; the smaller the particles 
the greater the deviations. These 
deviations are due to the surface 
diffusion mechanism predominant at 
lower temperatures and for smaller 
particles as will be proven later. In 
cases where both mechanisms, volume 
and surface diffusion, take place, the 
flow equation will be as follows: 


CA 


Fae nf, + mfs [10] 


n and m are fractions of the overall 
contributing flow, functions of « and a 
and obviously fulfill the relationship 
n+m = 1. From Eq 8 and 9 f, and 


fs are easily calculated their values 
being as follows: 


1l6maa 6° 
Is GST we 
- l6ma’o 64 
f= kT x3 : 


Substituting these values as f, and f, 
into Eq 10, we obtain 


dx 8a’ad3 a 
7 Tat (nD +m Ds), 


: z 
since V oe {11] 
When the contact area, or the radius 2, 
is very small one should expect that the 
contribution of flow due to surface 
diffusion will be overwhelmingly 
greater than that due to volume diffu- 
sion especially as D, > D,. In such 
cases also m = 1 and Eq 11 reduces to 
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FIG 7—Variation of volume self-diffusion coefficient of silver with temperature as 
determined from sintering experiments. Logarithm of D, vs. reciprocal of absolute tem- 


perature. 


de _ 8a%a54 
di ~ kTx* ~* 


which after integration gives Eq 9. The 
effect of surface diffusion upon sinter- 
ing should be noticeable at low 
temperatures when D, and x are very 
small, especially for small particles 
which have larger surface atom to 
volume atom ratios, and will sinter 
by the mechanism of surface diffusion 
to the longer interface radii z than the 
large particles. This reasoning seems to 
be fully substantiated by experiments 
as seen in Fig 6, where deviations are 
the larger the smaller are the particles 
and the lower is the sintering tempera- 
ture up to about 600°C for the particles 
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of 10u diam or less, the volume diffu- 
sion contribution can be neglected and 
the problem can be treated as surface 
diffusion only. 

In order to prove that the above 
discussed deviations are really due to 
surface diffusion, the fine (about 10y in 
diam) copper powder was sintered to 
the copper block at 600°C for 0.5, 1, 
and 3 hr. The logarithm of the ratios of 
the radius of the interface x to the 
radius of the particle was plotted 
against log ¢ (Fig 8) and a straight line 
was obtained. The inverse slope of this 
curve n = 6.5 is sufficiently close to 
the theoretical value 7 to indicate that 
the sintering mechanism in this case is 
predominantly surface diffusion. 


Finally the experimental values of « 
measured at 400, 500 and 600°C allow 
us to estimate the surface diffusion 
coefficients of copper at these tempera- 
tures, from Eq 9. The calculated 
values of D, are listed in Table 5 along 
with the values « and a. The semi- 


1000... 
logarithmic plot of D, vs. “ar is given 


in Fig 9. The results obtained from two 
sizes of particles (20 and 8u diam) are 
in excellent agreement with each other. 
The energy of activation of surface 
diffusion as determined from the slope 
of the straight line represented in Fig 
9 is Q, = 56,000 cal per mol, the same 
as for volume diffusion evaluated be- 
fore. The frequency factor D,° = 10’ 


2 
— is 10° higher than that for volume 


diffusion which means that although 
the same energy is required to change 
the position of an atom on the surface 
as inside the crystal lattice, the number 
of atoms possessing this activation 
energy is much larger on the surface 
than inside the crystal. 

As nobody has ever before measured 
the coefficient of surface self-diffusion, 
data obtained in this work cannot be 
checked but the order of magnitude 
appears to be reasonable. The fact that 
energies of activation of volume and 
surface diffusions are nearly equal may 
very well be explained by Schottky’s”” 
mechanism of diffusion. According to 
him all vacancies are generated on the 
surface, consequently the energy of 
the formation of vacancy should be the 
same in both cases. The only difference 
should be expected in energies required 
to move an atom to the adjacent 
vacancy which in the case of surface 
migration should be lower than in the 
case of volume diffusion. It is believed 
that the greatest part of heat of diffu- 
sion is the energy required to make a 
vacancy on the surface. If this is true 
the differences in the remaining part of 
the energy of activation could be small 
enough to bar detection. 

It has therefore been proven that at 
least for metals of low vapor pressure 
the rate of interface formation among 
sintered particles is a process con- 
trolled in the early stage by surface 
diffusion and in the later stage by vol- 
ume diffusion. No other mechanism 
such as viscous flow which has been 
considered by Frenkel! and Shaler and 
Wulff? seems to be involved. The 
process of sintering by volume diffusion 
excludes the possibility of an atom ex- 
change mechanism of diffusion‘.!3.14 
because in such a case no gradient 
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FIG 8—Logarithm of the ratio of the interface radius x to the radius a of the small copper particles (about Ay) sin- 
tered at 600°C, plotted against the logarithm of sintering period f. 


driving the atoms towards the inter- 
face, is possible. It seems to appear 
then that diffusion in solids proceeds 
through the mechanism of imperfec- 
tions in the lattice such as vacancies or 
interstitial atoms. 


Conelusions 


1. It has been proven experimentally 
that the mechanism of sintering of two 
metallic particles or of a metallic par- 
ticle and a flat metallic block at at- 
mospheric pressure is predominantly 
that of volume diffusion for large 
particles and higher temperatures. 

2. It is possible to measure the coeffi- 
cient of self-diffusion without radio- 
active tracers, measuring only the rate 
of growth of the interface between 
round particles and a metallic block. 
The method has been checked success- 
fully in the case of copper and silver. 

3. Strong experimental evidence has 
been presented that at the beginning of 
sintering surface diffusion is operative. 

4. The surface diffusion coefficient 
of copper has been determined. 
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FIG 9—Variation of surface self-diffusion coefficient of 
copper with temperature as determined from sintering experi- 
ments of small particles. Logarithms of D, vs. reciprocal of 


absolute temperature. 
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A Simple Constant Stress Creep Test 


J. C. FISHER* and R. P. CARREKER* 


Creep tests are normally constant 
load tests. Such tests approximate 
some types of service conditions and 
therefore are justified from the engi- 
neering point of view. Coupled with 
this consideration is the advantage of 
simplicity inherent in constant load 
tests, as contrasted with the compara- 
tively complex requirements of a 
constant stress test. It is not surprising 
that the vast majority of creep tests 
reported are of the constant load type. 

Despite the enormous amount of 
accumulated creep test data, plastic 
flow is by no means completely under- 
stood. The widespread use of constant 
load tests is at least partly responsible 
for this lack of understanding. Any 
attempt to analyze deformation must 
involve the more fundamental quantity 
stress, rather than load. It is possible to 
predict constant load behavior from 
known constant stress data, but the re- 
verse is much more difficult. 

When a metal specimen elongates, as 
in a creep test, the cross section de- 
creases, maintaining constant volume. 


Thus 


For a constant stress test the force on 
the specimen must be decreased as the 
cross section decreases, that is, this 
force must be inversely proportional to 
the elongation of the specimen. An- 
drade has described three methods of 
obtaining the constant stress condi- 
tion,'-* each of which is relatively 
complex. The most recent proposal,® 
suggests a major simplification which 
maintains the simplicity of the constant 
load test while approximating quite 
closely the desirable condition of con- 
stant stress. Andrade’s device is ad- 
mittedly more accurate but the method 
described below has definite advantages. 

Consider a specimen in the form of a 
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FIG 1—Variation of stress with initial angle. 


““V” supported at its ends. If a 
weight be applied at the vertex of the 
angle, the stress in each leg of the “V”’ 
is 

| i Oe [2] 

z z 

If this stress causes an elongation Al in 
each leg of the “V,”’ the angle decreases 
from a to a smaller angle a;. The 


quantity sec . thus decreases with 


specimen elongation while the quantity 
1/A increases. By selecting proper 
initial conditions it should be possible 
to hold S/So very nearly constant at 
unity. 

The proper initial conditions are 
realized when a» is made equal to ap- 
proximately 90°. Fig 1 compares the 
ratios of S/So for ao = 85, 90, 95, 100°, 
with a = 0, that is, a straight speci- 


Technical Note No. 10 E. Manu- 
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NEY 
1References are at the end of the 
paper. 


men, for true strains up to e = 0.10. It 
may prove convenient to measure X, 
the movement of the vertex, rather 
than the true elongation Al. Contour 
lines of X/lp are also plotted in Fig 1. 

The method for obtaining constant 
stress described above is especially 
suited to the testing of small wires, but 
may easily be extended to rods of any 
diameter through the use of a suitable 
grip which serves as the vertex joining 
two identical rods forming the legs of 
the “V.” 
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Homogeneous Yielding of 
Carburized and Nitrided 
Single Iron Crystals 


aD 


A. N. HOLDEN* and J. H. HOLLOMON,* Junior Member AIME 


Introduction 


INHOMOGENEOUS yielding during the 
early stages of plastic flow has been ob- 
served in many metals and has long 
been a subject of controversy. 

Low carbon steel, when strained at 
room temperature, exhibits a distinct 
yield point at which the metal ceases to 
behave elastically and begins to flow 
plastically without further increase in 
stress,j often with an actual decrease 
in stress from that existing at the yield 
point. One manifestation of this be- 
havior is the familiar Liiders lines. The 
extent of the yield point elongation (the 
plastic strain which results without 
raising the stress above that at the 
initial yield point) may be several 
percent. 

Several explanations of this type of 
yielding in steels have appeared in the 
literature:!-°t 

1. The segregation of carbides or 
other constituents at the grain bound- 
aries of ferrite forms cell-like blocks 
which break down at a higher stress 
than that at which the ferrite alone will 
flow. 

2. The precipitation of various con- 
stituents within the ferrite itself in 
some way blocks initial flow until a 
higher stress is reached, after which a 
great deal of flow occurs without fur- 
ther increase in stress. 

3. The restraining influence of neigh- 
boring, less favorably oriented grains 
in a polycrystal results in a storing up 
of energy, which on yielding is suffi- 
cient to cause the continued propaga- 
tion of slip bands on the multiplicity of 
slip systems available in adjacent iron 


+ Other types of inhomogeneous or discon- 
tinuous yielding have been observed in aluminum 
and other aging alloys as well as in some fairly 
pure metals. The terms inhomogeneous, hetero- 
geneous, or discontinuous yielding used in this 
paper refer to the particular initial yielding of 
steel tested at room temperature. i 

tAn excellent bibliography of the subject 
appears in Ref. 2. 
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FIG 1—Shape of iron specimens. 


crystals without increase in stress. - 

4. Local segregation of carbon atoms 
increases the stress required for the 
initial propagation of dislocations. The 
stress required for further deformation 
is lower. Such an explanation would 
require the presence of upper and lower 
yield points in single crystals. 

Low and Gensamer? have shown that 
heterogeneous yielding can be elimi- 
nated by removal of carbon and nitro- 
gen from polycrystalline steels by 
wet-hydrogen treatment. They also 
demonstrated that the re-introduction 
of minute amounts of carbon or nitro- 
gen caused a return of the yield point. 

Observations of the initial flow 
of single crystals containing small 
amounts of carbon and nitrogen should 
provide a clue to the explanation of 
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inhomogeneous yielding. Previous tests 
of iron crystals‘-® can not be con- 
sidered conclusive because it is uncer- 
tain whether the carbon and nitrogen 
were satisfactorily removed by the 
decarburization technique employed. 

The purpose of the experiments de- 
scribed herein was to determine whether 
single iron crystals containing either 
carbon or nitrogen would exhibit in- 
homogeneous yielding. 


Experimental Procedures 


THE PREPARATION OF SINGLE 
CRYSTALS 


All crystals were formed in the fol- 
lowing way. Aluminum killed sheet 
material 80 mils thick was machined 
into specimens of the outer contour 
shown in Fig 1. These mildly tapered 
specimens were decarburized at 730°C 
for 16 hr in hydrogen that had been 
bubbled rapidly through water main- 
tained at 70°. The resultant grain size 
after decarburizing was approximately 
ASTM 5. Several stress-strain curves 
were made of the decarburized mate- 


METALS TRANSACTIONS . . . 179 


rial, two of which are shown in Fig 5. 
The material as-wet-hydrogen treated 
yielded homogeneously. Nothing is 
known of the production history of the 
sheet prior to the decarburization 
treatment. 

The material used for these speci- 
mens was analyzed before and after 
decarburization (carbon was deter- 
mined by low pressure combustion and 
nitrogen by a Kjeldahl determination). 
The analyses were: 


As-received Wet-Hydrogen Treated 
Pet 


Pct 
C 0.090 Cc 0.004 
N 0.0045 N 0.003 
*Al 0.09 *Al 0.09 
TSi_ 0.05 +Si (0.05 
tMn 0.25 +Mn 0.25 


Fe balance Fe balance 
* Total aluminum 
+ Spectrographic 


After the wet-hydrogen treatment, 
the tapered specimens were strained 
until the change in area of the reduced 
section as measured with a microm- 
eter was 2.7 to 3 pct. Subsequent an- 
nealing in pure dry hydrogen at 885°C 
for 72 hr converted the tapered speci- 
mens into large crystals.* Several crys- 
tals were as wide as the specimens and 
4 in. in length. However, the surface 
of the specimens contained fine grains 
which had to be removed by grinding 
before the large crystals could be re- 
vealed by etching. It was found neces- 
sary to grind 10 mils off each flat 
surface with a special wheel. A photo- 
graph of a typical specimen after 
grinding and etching appears in Fig 2, 
showing the size of recrystallized grains 
resulting from the treatment described. 

The important features of the strain- 
anneal method used in these experi- 
ments are the following: First, the 
specimens were so shaped that recrys- 
tallization was limited to a small vol- 
ume of critically strained material in 
the narrowest region. Second, a grain 
formed in the critically strained re- 
gion readily grew to the lesser strained 
regions and larger grains resulted. The 
lesser strained regions were not de- 
formed sufficiently to recrystallize. 
Third, the specimens were placed 
in a hot furnace for the annealing 
treatments. 

Tapered specimens have been em- 
ployed previously,’-! but tapers used 
have been more extreme than that 
used in these experiments. 

After forming the large grains, crys- 
tal tensile specimens were cut out 
with a jeweler’s saw. All of the tapered 
specimens did not yield large enough 
grains from which to cut single crystal 


* Similar attempts have been made to obtain 
large single crystals of a “rimming’’ steel but as 
yet none has been successful. 
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FIG 2—Typical crystal size after strain 
annealing. 


tensile specimens. Data are included for 
all crystals tested. The single crystal 
specimens had reduced sections of from 
34 in. to 2 in. in length and from 34. 
in. to 54¢ in. in width. 


HEAT-TREATING AND TESTING 
OF IRON CRYSTALS 


The single crystal tensile specimens 
were annealed in wet-hydrogen at 
850°C for 16 hr. All specimens remained 
single crystals and it was assumed that 
all machining strains and any remain- 
ing carbon were removed during this 
treatment. Low and Gensamer? have 
found the carbon to be less than 0.003 
pet after wet-hydrogen treatments. 
Some of the crystals were carburized 
by the method used by Low and Gen- 
samer. They were annealed at 675°C. 


for 4 hr in a mixture of butane and 
hydrogen. Just enough butane was 
bled into the furnace to color faintly 
the flame at the furnace door. Several 
polycrystals were carburized along 
with the single crystals to make certain 
that the process was effective. All of 
these carburized specimens were then 
homogenized for 5 hr at 650°C in a 
nitrogen atmosphere obtained by pass- 
ing tank nitrogen over copper chips at 
500°C and activated alumina. After 
this treatment, the crystals contained 
0.005 pet N» and 0.019 pet C. 
Nitriding of some of the crystals was 
carried out by treatments of 4 hr at 
525°C in an ammonia atmosphere. The 
hard nitrided case was ground off to a 
depth where no nitrides were observa- 
ble metallographically. The crystals 
were then stress relieved and homo- 
genized for 5 hr at 650°C in a nitrogen 
atmosphere. Several polycrystalline 
specimens were nitrided along with the 
single crystals to make certain the 
nitriding was adequate. After treat- 
ment, the crystals contained 0.004 pct 
C, and 0.073 pet N». This nitrogen cer- 
tainly exceeds the limit of solubility 
and probably the crystals contained a 
precipitated second phase even though 
it was not observed metallographically. 
All the crystals thus far described 
were tested in a hydraulic tensile 
machine with Tempkn sheet grips 
mounted on spherical seats. Reason- 
able care was used in alignment. Strain 
was measured with a single resistance 
type strain gauge with a sensitivity of 
2 X 10-®. The rate of testing was the 


Table1 . . . Heat-treating and Test- 
ing of Iron Crystals 


| 


Now Heat Treatment Testing 


12 Wet hydrogen—850°C | Templin grips— 


ball seat 

13 Wet hydrogen—850°C | Templin grips— 
E ball seat 

23 Wet hydrogen—850°C | Templin grips— 
é all seat 

34-2 | Wet hydrogen 850°U, | Templin grips— 
carburize at 675°C, | ball seat 


homogenize at 650°C 
in nitrogen 


35 Wet hydrogen 850°C, | Templin grips—- 


carburize at 675°C,| ball seat 
homogenize at 650°C 
in nitrogen 

37 Wet hydrogen 850°C, | Templin grips— 
carburize at 675°C,| ball seat 


homogenize at 650°C 
in nitrogen 

33 Wet hydrogen 850°, 
nitride 525°C, case 
ground off, homogen- 
ized at 650°C. 

38 Wet hydrogen 850°, 
nitride 525°C, case 
ground off, homogen- 
ized at 650°C. 

39 Wet hydrogen 850°, 
nitride 525°C, case 
ground off, homogen- 
ized at 650°C, 


Templin grips— 
ball seat 


Templin grips— 
ball seat 


Templin grips— 
ball seat 
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same for all crystals and was such as to 
give 1 pet strain in 45 min. The meth- 
ods of heat treating and testing are 
summarized in Table 1 for crystals thus 
far described. 

It later became evident that more 
accurate methods of evaluating the 
effect of carbon and nitrogen on the 
strength of single crystals would be 
valuable. Therefore, several experi- 
ments were performed on pairs of 
single crystal tensile specimens cut 
from the same crystal. 

An alternative nitriding procedure to 
that previously employed was used to 
nitride the crystal pairs. It consisted 
of passing hydrogen through a catalytic 
deoxidizer, activated alumina drier, 
activated charcoal tube, liquid nitrogen 
trap, ammonia absorber and into the 
nitriding furnace at 500°C. The am- 
monia absorber was kept at —78°C to 
avoid the formation of any hard nitride 
case which would have to be removed. 

In these experiments the carburiza- 
tion of each of the crystals of the pairs 
was the same as that employed 
previously. 

One nitrided and one carburized 
crystal together with their identically 
oriented wet-hydrogen treated counter- 
parts were annealed in vacuum. It was 
intended that the temperature of the 
vacuum anneal would not exceed 750°C 
but inadvertantly it exceeded 910°C. 
These specimens did not remain single 
crystals, but became very coarsely 
polycrystalline. 

Orientations were determined for all 
pairs of crystals except the specimens 
which became polycrystalline. These 
orientations are shown in Fig 3. 

The testing of crystal pairs was done 
in a hydraulic machine. Eight of these 
crystals were pulled with long flexible 
rods so designed that only axial loads 
were transmitted (see Fig 4), while the 
others were tested in Templin grips as 
previously described. 

The eccentricity of the strain in the 
eight accurately aligned specimens was 
measured by the following means. Two 
rigid glass fibers about 6 in. in length 
were cemented to one side of each speci- 
men perpendicular to the tensile axis 
and about 34 to 1 in. apart. The dis- 
tance between the ends of the fibers 
was measured with an accurate mi- 
crometer-type cathetometer sensitive 
to 0.001 mm. The 6-in. lever of the 
fibers gave a multiplication of the ec- 
centricity of about 64. The relation 
between the change in readings of the 
cathetometer and eccentricity can be 
found provided the strain at the center 
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TENSILE 
AXIS 


°¢ = I-l,1-2,1-3,1-4 
© = 3-1,3-2 
x =) 4-1-4-2 
= oe boas 
M =i? re 


FIG 3—Orientation of crystal pairs (cube poles determined with optical goniometer). 


line of the specimen is measured.* The 
average center line strain was measured 
with two resistance strain gauges ce- 
mented to the opposite flats of the 
specimen. 

The edge strain was within 4 pct of 
the center line strain without any ad- 
justment of the fixtures other than that 
automatically applied by the flexible 
tension members. 

The heat treating and testing meth- 
ods for the crystal pairs is summarized 
in Table 2. 


, 
* M = eccentricity = cos — (7) 
(ea AY 
e’ = strain at edge of specimen 
e = strain at center line of specimen 
w = width of specimen 
1 = length of glass fibers 
A = change in distance between fiber ends 
upon application of strain e. 


Results 


All the data are presented in the form 
of stress-strain curves. 

Fig 5 compares the flow of polycrys- 
talline specimens in the wet-hydrogen 
treated, carburized and nitrided states. 
These tests indicate that either carbon 
or nitrogen causes the return of the dis- 
continuous yield in material which 
showed no discontinuity in its flow 
curve as wet-hydrogen treated. The 
nitrided polycrystals in Fig 5 contained 
considerable nitrogen (about 0.07 pct) 
which accounts for their high yield 
strength. The carburizing treatment on 
the other hand was quite mild, and the 
carburized polycrystals showed less in- 
crease in yield strength over the wet- 
hydrogen treated specimens. 
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FIG 4—Flexible tensile member for axial 
loading of iron crystals. 


Fig 6, 7, and 8 show the flow curves 
for nine iron crystals. The crystals 
whose tensile properties are those of 
Fig’ 6 were thoroughly treated in wet- 
hydrogen. The crystals of Fig 7 were 
carburized and those of Fig 8 were 
nitrided. None of these crystals yielded 
inhomogeneously. The high strength of 
the nitrided crystals is due to the con- 
siderable amount of nitrogen these 
contained. 

Fig 9 and 10 show the effect of the 
described carburizing treatment on the 
flow of single iron crystals. In these 
two figures the flow of carburized crys- 
tals is compared with that of decar- 
burized crystals of the same orientation. 
Fig 9 was obtained by testing four 
crystals cut from the same grain, two 
of which were carburized and two of 
which were decarburized. A scattering 
of the data for two identical crystals is 
thus obtained as well as the difference 
in flow strengths of the two materials. 
Fig 10 is the result of a test of two 
different pairs of crystals, one of each 
pair being carburized while the other 
was decarburized. 

While the tests in Fig 9 and 10 were 
made in Templin grips with only 
moderate care in alignment, the results 
are significant. All crystals yielded 
homogeneously, and allowing for the 
scatter of the data, the carburized crys- 
tals were 5 to 10 pct stronger up to 
0.6 to 0.7 pet strain. 

Fig 11 shows the yielding of crystals 
5-1 and 5-2 of identical orientation. 
Crystal 5-1 was nitrided under condi- 
tions which did not form a hard case. 
Crystal 5-2 was completely decarbur- 
ized in wet hydrogen. The nitrided 
crystal was slightly higher in flow 
strength than the decarburized crystal. 
Both crystals yielded homogeneously. 
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Table:2:,.. 5 


Heat-treating and Testing Procedure for Crystal Pairs 


oe a ee eee SS ee 


Spec. No. Heat Treatment 


Testing 


Carburized 
Carburized 
As wet hydrogen treated 
As wet hydrogen treated 
Carburized 
As wet hydrogen treated 


Templin and ball seat 
Templin and ball seat 
Templin and ball seat 
Templin and ball seat 
Templin and ball seat 
Templin and ball seat 


1-1 

1-2 

1-3 

1-4 

3-1 

3-2 i 

4-1 Carburized Templin and ball seat 

4-2 As wet hydrogen treated Templin and ball seat 

5-1 Nitrided (saturator at — 78°C) Special grips {M = 2.4 p 

5-2 As wet hydrogen treated Special grips = 3.7 p 
*6-1 Nitrided (—78°C)—vacuum annealed Special grips M=1. al. Bee 
*6-2 As wet hydrogen treated—vacuum annealed Special grips M = 2.04 pet 

7-1 Carburized Special grips M = 2.3 pet 

7-2 As wet hydrogen treated Special grips M = 3.1 pct 
*8-1 Carburized—vacuum annealed Special grips M = 1.92 pet 
*8-2 As wet hydrogen treated—vacuum annealed Special grips M = 2.65 pct 


pepe SE ee EE —————E—————————— ee ae 
* Became polycrystalline on vacuum annealing. 
+ Eccentricity as defined in footnote on p. 181 expressed as a percentage. 
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FIG 5—Yielding of polycrystalline iron. 
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FIG 6—Wet hydrogen treated crystals of iron, random orientation, tested with single gauge 
in Templin grips. 


Fig 12 is a plot of the flow of two 
identically oriented specimens. 7-1 was 
carburized, and 7-2 was decarburized 
in wet-hydrogen. The carburized crys- 
tal was considerably stronger than the 
decarburized crystal. Both crystals 
yielded homogeneously. 

Fig 13 and 14 are plots of the flow 
characteristics of specimens which 
became coarsely polycrystalline during 
a vacuum anneal in which the tempera- 
ture was inadvertantly raised too high. 


Fig 13 shows the flow of a nitrided 
polycrystalline specimen compared to a 
decarburized polycrystalline specimen 
in which the grain size was 14 in. or 
larger in diam. Fig 14 shows the de- 
formation behavior of a carburized 
polycrystalline specimen in which the 
grain size is approximately 14 in. in. 
diam. The decarburized polycrystals in 
both instances did not yield discon- 
tinuously. The flow curve of the car- 
burized polycrystal, however, contains a 
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FIG 7—Carburized crystals of iron, random orientation, tested with single gauge in Templin 
grips. 
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FIG 8—Nitrided crystals of iron, random orientation, tested with single gauge in Templin 
grips. 
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FIG 9—Yielding of four identically oriented iron crystals. 1-1 and 1-2 were 
carburized. 1-3 and 1-4 were decarburized. Tested with 2 averaging gauges in 
Templin grips. 


FEBRUARY 1949 METALS TRANSACTIONS . . . 183 


16000 


14000 + 


12000 7 


OOOO F 


8000} 


STRESS (PSI) 


6000} £~ » 


4000/77 


2000 fr 


SPEC 
3-| CARBURIZED 


Sree DECARBURIZED 


Ali i DECARBURIZED 


OPES caRBURIZED 


4 a 4 4 —L ee — 4 
1000 2000 3000 4000 S00 6000 7000 8000 


STRAIN (X 10-®) 


4 
9000 10000 


FIG 10—Yielding of iron crystal pairs showing effect of carbon on flow strength. 
Tested with 2 averaging gauges in Templin grips. Orientation of 4-1 and 4-2 is the 
same and orientation of 3-1 and 3-2 is the same. 
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FIG 11—Yielding of identically oriented crystals showing effect of 
small amounts of nitrogen. Tested with less than 4 pct eccentricity. 
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FIG 12—Yielding of identically oriented crystals showing 
effect of small amounts of carbon. Tested with less than 4 pct 


slight upward concavity during initial 
yielding. The flow curve of the nitrided 
polycrystal contains no upward con- 
cavity, but it does flow at a higher 
stress initially and then drops to ap- 
proximately the same flow stress as the 
decarburized polycrystal as flow pro- 
gresses. Because of the large grain size 
it is not expected that the flow of these 
specimens would be greatly different 
from single crystals. ; 

The original purpose of vacuum an- 
nealing was to ascertain whether the 
hydrogen presumably occluded in the 
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eccentricity. 


specimens eliminated the inhomogene- 
ous yielding. Since the vacuum an- 
nealed specimens can be considered 
essentially hydrogen free, the effect of 
the hydrogen occluded in the specimens 
is considered to be negligible. 

In general, the data on crystal pairs 
show that where carbon or nitrogen has 
increased the flow strength, the higher 
strength curve remains approximately 
parallel to the decarburized curve, indi- 
cating that the rate of strain hardening 
was not affected. 

The results from the tensile tests in 


which the specimens were more accu- 
rately aligned fail to indicate inhomo- 
geneous yielding in single crystals of 
iron. 


Conelusions 


1. Carbon or nitrogen causes discon- 
tinuous yielding in iron polycrystals in 
substantiation of the findings of Low 
and Gensamer. 

2. Carbon or nitrogen do not appear 


to cause discontinuous yielding in iron 
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FIG 13—Yielding of extremely coarse polycrystals of iron. Tested with less than 
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FIG 14—Yielding of extremely coarse polycrystals of iron. Tested 


single crystals made from aluminum- 
killed steels. Both elements in small 
amounts cause an increase in the flow 
strengths of single crystals, but do not 
affect the rate of strain hardening. 
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The Surface Tension of 
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Introduction 


In the study of the sintering of metal 
powders, we have come to the conclu- 
sion in this laboratory that further 
progress requires a more basic under- 
standing of the operating mechanisms. 
This is emphasized in detail by Shaler.? 
He has shown that a knowledge of the 
exact value of the surface tension is 
imperative for a solution of the kinetics 
of sintering. This force plays a princi- 
pal role in causing the density of com- 
pacts to increase.? Furthermore, a 
knowledge of the surface tension of 
solids is also applicable to other aspects 
of physical metallurgy. C. S. Smith* 
points out the relation between surface 
and interfacial tension and their func- 
tion in determining the microstructure 
and resulting properties of polycrystal- 
line and polyphase alloys. 

This paper describes one group of re- 
sults of an experimental program de- 
signed for the study of the surface 
tension in solid metals. As a by-product 
of this work, considerable information 
has been obtained on the rate and 
nature of the flow of a metal at tem- 
peratures approaching the melting 
point and under extremely low stresses, 
a field of mechanical behavior hereto- 
fore scarcely touched by metallurgists. 
The importance of this additional infor- 
mation to students of powder metal- 
lurgy need not be stressed. 


Theoretical Considerations 


Interfacial tension arises from the 
condition that an excess of energy 
exists at. the interface between two 
phases. Gibbs® proves that this energy 
is a partial function of the interfacial 


area; thus: 
OF /ds = y 


where O0F'/0s is the rate of change of 
free energy of the system with changing 
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surface area, at constant temperature, 
pressure and composition, and ¥ is the 
interfacial tension, or interfacial free 
energy per unit area. 

If one of the phases is the pure 
liquid or solid, and the other the vapor 
of the substance, y may properly be 
termed “‘surface tension,’ and is a 
characteristic of the solid or liquid. 

The attempt of a body to lower its 
free energy by decreasing its surface 
gives rise to a force in the surface 
which is numerically equal in terms of 
unit length to the free energy per unit 
area of the surface. Thus y may be 
expressed either in erg-cm~? or in 
dyne-cm-!. Similarly, surface tension 
may be determined either by a thermo- 
dynamic measurement of the surface 
energy or by amechanical measurement 
of the surface force. We have chosen 
the latter approach. 

Tammann and Boehme‘ determined 
the surface tension of gold by measur- 
ing the amount of shrinkage or exten- 
sion of thin weighted foil at various 
temperatures and interpolating to zero 
strain. The method is of questionable 
accuracy because of the tendency of foil 
to form minute tears when heated 
under tension. Their assumption of F 
= 2Wy, where W is the width of the 
foil, is unsound, as the foil can decrease 
its surface area by transverse as well as 
by longitudinal shrinkage. Although 
their experimentation was meticulous, 
the paper does not include details of the 
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sample configuration required for re- 
calculating y on a correct basis, even if 
such a calculation were possible. 

In the experimental procedure cho- 
sen here, a series of small weights of in- 
creasing magnitude are suspended from 
a series of fine copper wires of uniform 
cross-section. This array is brought to a 
temperature at which creep is appreci- 
able under extremely small stress. If the 
weight overbalances the contracting 
force of surface tension, the wire 
stretches; otherwise, it shrinks. The 
magnitude of the strain is determined 
by the amount of unbalance, so a plot 
of strain vs. load should cross the zero 
strain axis at w= F,. If balance is 
visualized as a thermodynamic equilib- 
rium, the critical load is readily calcu- 
lated. At constant temperature, an 
infinitesimal change in surface energy 
should be equal to the work done on or 
by the weight: 

ds = wdl [1] 
For a cylinder, s = 2mr?+ 2rrl [2] 
If the volume remains constant, 
r=VV/al [3] 
s=2VrVl+ 2V/l [4] 
ds = (V/xV/l—2V/l) dl [5] 
Substituting [5] into [1] gives for the 
equilibrium load, 
w=¥(VrV/l—2V/P) [6] 
and, again expressing V in terms of r 
and I, 


w = mry(l — 2r/l) [7] 
Here the end-effect term, 2r/l, is neg- 
lected for thin wires in subsequent 
work. 

Eq 7 can be confirmed by means of a 
stress analysis. If the z-axis is chosen 
along the wire, then the stress ¢, is 

Dea uiLe bse t) 


e ar? 


[8] 


A cylinder of diameter dis equivalent 
to a sphere of radius r, insofar as radial 
surface tension effects are concerned.? 
Thus 

oy = 2y/d = y/r = a2 [9] 
For the case of zero strain in the x di- 
rection, the strain will also be zero in 
the y and z directions. Since the wire is 
under hydrostatic stress, Eq 8 and 9 are 
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equal. Thus 
2ary — w = try 
w = Try 


[10] 
(11) 
The end-correction term was again 
dropped, this time implicitly in Eq 9, 
which applies to an infinite cylinder. 

With certain assumptions it is possi- 
ble to calculate the strain rate under 
conditions of unbalance. If pure viscous 
flow is assumed, there should be no 
change in lattice energy, and all the 
strain energy should appear as heat. 
If the kinetic energy of the moving 
weight is neglected, the time rate of 
heat generation must be equal to the 
rate of change of potential energy and 
free energy of the system. The system 
changes its energy by changing both 
the position of the weight and the area 
of the copper surface. Thus, under iso- 
thermal conditions, 

dQ/di = wdl/dt — yds/dt [12] 

where Q is the heat of viscous flow. 
Frenkel® shows that for a viscous rod 
under longitudinal strain, the energy 
dissipated in flow is given by 


dQ/dt = (6nV/I?)(dl/dt)? — [13] 
where 7 is the coefficient of viscosity. 
From Eq 5: 


ds/dt = (/xV/I — 2V/I) dl/dt [14] 
Dropping the end-effect term and com- 
bining gives: 


dl/dt = wl*/6nV — (y/6n) V/x/V Oe 


The equation can be integrated be- 
tween f= Ocat.] = [,,.and t = f, l/= I: 


= 12n/y 


lh (wV/1—o var || 
l a — 16 
aR eemexevat oe 
Since dl/dt = lde/di, w=r’c, and 
V =7nr’l, « and o being strain and 


stress respectively, Eq 15 and 16 
reduce to 


Ww 
ER as 


de 


are es (o — y/r) [15a] 
12nr o | € oF, oro. = yr | 
ba aa 2 yore? — Yo 
[16a] 
UE sdectl Se 
where PS Wren 


So long as cylindrical shape is con- 
served, Eq 16a is an exact expression, 
despite the presence therein of ordinary 
stress and strain. This is so because the 
equation was obtained merely by 
making the appropriate substitutions 
in Eq 16. In the actual experiments the 
strains measured were small enough so 
that the differential form, Eq 15a, 
could be employed throughout. It may 
be written as: 


ioe 
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FIG 1—Copper cell with thermocouple 
well. 


Experimental 


Two series of experiments were com- 
pleted, one on five mil and one on three 
mil copper wire. Eight specimens were 
used in each test, with copper weights, 
ranging up to about 60 dynes in the 
first series and 35 dynes in the second 
series, welded to the wires. (1 dyne is 
equivalent to 1.02 mg.) The wires were 
suspended from the lid of the copper 
cell, Fig 1. 

The ensemble was heated in a 
nichrome-wound Inconel tube furnace, 
(Fig 2), which was maintained at a Hg 
pressure of 3 X 10-5 mm. The cell ef- 
fectively isolated the specimens, both 
against contamination from furnace 
vapors and against loss of wire diameter 
by evaporation. As the experiments 
were conducted in a temperature range 
where the vapor pressure of copper was 
between 10-5 and 5 X 10-4 mm,’ a 
good approximation to the isolated 
system “‘Cu, — Cu,” was attained, at 
least at the higher temperatures. 


The furnace was constructed with 
three independent windings, tapered in 
accordance with preliminary heat-loss 
calculations. At any temperature within 
its operating limits a 6-in. zone can be 
held uniform to +2°C. A Tagliabue 
throttling pyrometer with manual 
droop control was used as a constant- 
temperature control device. The shell 
of the furnace was maintained at a low 
vacuum with a water-aspirator to pro- 
tect the highly evacuated tube against 
collapse. 

The marking of reference points on 
the wire presented a difficult problem. 
Painting or plating the wires outside a 
given gauge length was considered but 
was abandoned as it is evident that 
anything which adheres to the surface 
lowers the surface energy. Knotting the 
wire at two points about 2 cm apart 
was found to be the simplest expedient. 
The gauge point is taken as the inter- 
section of the lower loop of the knot 
with the straight portion of the wire, 
as viewed from a fixed direction with a 
measuring microscope. (Fig 3.) 

The knotted and weighted wires 
were mounted and carefully straight- 
ened. They were annealed in vacuo for 2 
hr at or above test temperature before 
measuring. A test may last from 24 to 
150 hr, depending on the temperature. 
Initial and final lengths were measured 
to +0.001 cm with a horizontal meas- 
uring microscope. Finally, the weights 
were detached at the lower knot and 
weighed, and the weight. corrected by 
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a=re-_) 


FIG 3—Typical specimen. Arrows show 


gauge points. 


Table 1. . . Summary of Results 


Test No. 9 10 11 13 14 15 16 
Temperature, °C 1024 999 950 1049 1050 1000 950 
Time, sec X 1075 1.08 1.80 b3ypd ls5 0.874 1.69 2.60 Bise 
Wire radius cm 0.0064 0.0064 0.0064 0.0064 0.0036 0.0036 0.0036 
| 
Stress : 
Spec. No. Dype! soem o € o € o € o € o € a € 
xX 1075 
1 0.091 | —6.1 | 0.069 | —4.4 | 0.076 | —3.9 | 0.091 | —4.5 | 0.096 | —8.9 | 0.072 | —10.7 * 7 
2 0.738 | —4.5 | 0.076 | —4.2 | 0.777 | —2.1 | 0.861 | —3.3 * Leo) =5.7 15706 | —3.10 
3 1.461 | —3.1 | 1.742 | —1.8 | 1.774 | —1.3.] 1.319 | —2.5 | 2.428 | —5.0 | 2.455 —2.1 | 3.508 | —0.67 
4 2.368 —.6 | 2.350 | —0.5 | 2.755 | +1.3 | 2.315 | —0.5 | 3.655 | —0.8 | 3.393 —0.9 | 4.107 | —0.32 
5 2.535 | —0.0 | 2.807 | +0.6 | 2.313 |-—0.6 | 2.865 | +1.3 | 4.545 | +3.1 | 3.635 —0.6 | 5.459 | +2.00 
6 3.145 | +3.7 | 3.180 | +3.0 | 3.140 | +1.9 | 2.842 2.4 | 5.047 4.1 | 4.235 +0.2 | 5.724 3.22 
7 3.472 4.2 | 3.810 253), 3.465 2.1 | 3.520 3.8 * 5.540 4.6 | 6.682 4.89 
8 4.644 3.8 | 4.603 5.9 | 4,547 4.1 | 4.545 5.4 | 7.530 OFS) |S al35 9.1 | 8.345 6.30 


STRAIN X 109 


-6 


“ie 


* Specimen damaged during measurement. 
+ Measuring microscope accurate to + 0.0002 cm used in Test No. 16. 


STRESS x 10-4 
DYNES/SQ. CM. 


FIG 4—Stress-strain curves for test No. 15 (triangles) and test no. 13 (circles). See Table 1. 
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FIG 5—The temperature dependence of surface tension of solid copper. 


adding one-half the weight of the 
gauged length of wire. Table 1 sum- 
marizes the results. 

Eq 15b is assumed to hold over the 
range of strains in these tests, and 
linear least square solutions are plot- 
ted. Two such plots are shown in 
Fig 4.-The scatter of the points is 
within the accuracy of the strain 
measurements. 


Discussion of Results 


SURFACE TENSION 


It can be seen from Eq 15b that at 
zero Strain the applied stress equals the 
stress due to surface tension, that is, 

Y= o,r 

In Fig 5 the surface tensions deter- 
mined from this relationship are plotted 
against temperature. If the anomalous 
point at 1298°K is ignored, a value of 
1370 dynes per cm at the melting 
point is obtained. The temperature 
coefficient is —0.46 dynes cm7! °K-}, 
which is consistent, as is to be expected 
on theoretical grounds,® with an extra- 
polation to zero in the neighborhood of 
the critical temperature. 


VISCOSITY 


As indicated in the introduction, the 
purpose of this work was to develop an 
experimental method for the measure- 
ment of the surface tension of solid 
metals. The results on viscosity are a 
by-product and though interesting 
should be considered incomplete. 

Viscous flow is defined phenome- 
nologically as a process in which strain 
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rate is proportional to applied shear 
stress. Recent theory of condensed 
systems includes the further criterion 
that the flow must be atomic as well. 
Steady-state creep is often termed 
“*quasi-viscous”’ in that the true strain 
rate, while not proportional to the 
applied stress, is constant for a con- 
stant true stress. Kauzmann® points 
out that another mode of flow may 
exist in metals, which involves the 
motion of blocks rather than single 
atoms, but which is otherwise propor- 
tional to the applied shear stress, at 
least at low stresses. 

Kauzmann’s analysis of viscous flow 
leads to the expression 


ERT 
1 = 9gAID 


where L = spacing between flow lamel- 
lae, normal to flow direction 
d\ = relative motion of adjacent 
lamellae, per unit process of 
flow 
q = stress concentration factor, 
= | if no part of the fluid 
can support shear 
A = area of a unit lamella of 
flow 
| = distance between normal 
and activated state of the 
flow unit. 
D is the coefficient. of self-diffusion of 
the material, if the mechanisms of self- 
diffusion and of viscous flow are iden- 
tical. It is only required that the 
mechanisms correlate. It is not neces- 
sary that every unit involved in diffu- 
sion be also involved in viscous flow. 
For an atom-wise process of self- 
diffusion, \ = L = (A)” = 21. For an 


17] 


atom-wise process of viscous flow 
under very slight shear, where the 
probability of a forward jump of an 
atom exceeds only slightly that of a 
reverse jump, the relationship \ = 21 
remains valid. Thus Eq 17 reduces to: 


[17a] 


where ) is now the interatomic spacing. 

If the Dushman-Langmuir value for 

Do is inserted, the expression becomes: 

Rene to 

high CO na 

In our experiments the flow is vis- 

cous, at least to the extent that the 

data in Table 1 can be approximated 

by straight lines. The viscosity is 
given by 


[18] 


[15¢] 


In Fig 6, the logarithms of the viscosi- 


- ties derived from Eq 15c are plotted 


against the reciprocal of absolute 


temperature. The equation of the 
straight line as drawn is 
95000 
p= lS0e 


The activation energy of 59,000 cal 
per mol is within the range of values 
reported for self-diffusion of copper.® 
The action constant, however, is 107 
times larger than that predicted by 
Eq 18. The coincidence of activation 
energies suggests that the atom or 
atomic vacancy is the unit of flow, but 
evidently only a very small fraction of 
vacancies can participate in the flow. 

The divergence in viscosity between 
the two wire sizes, (see dotted lines, 
Fig 6) indicates that the surface-to- 
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FIG 6—The temperature dependence of viscosity of solid copper. 


volume ratio of the specimens may be 
a factor in determining the flow rate. 
Apparently the viscosity of the surface 
phase greatly exceeds that of the 
interior of the copper. 

The mathematics of this condition 
has not yet been formulated, nor are the 
data as yet extensive enough to war- 
rant such formulation. Nevertheless 
some speculation may be justified. 

Surface energy owes its existence to 
the presence of unsatisfied atomic 
bonds at the surface. However, if sur- 
face tension is calculated by merely 
summing the energy of these broken 
bonds, the result is too high by roughly 
10 pct!® because the unsevered bonds 
in the surface layers of atoms distort 
in such a way as to take up some of the 
excess energy. These high-energy bonds 
might account for the strengthening 
of the surface layer, according to 
Benedicks.! 

In fatigue testing, and in tension test- 
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ing of brittle materials, failure is initi- 
ated at the surface, and the strength of 
the surface skin plays an important 
role, even in large section sizes. Bene- 
dicks and Ruben! investigated a 
quenched (untempered) carbon steel 
immersed in various media, and found 
the strength to be dependent on the 
surface tension of the medium. 

Further experiments are planned 
with the purpose of determining the 
thickness of this surface layer, estimat- 
ing the ratio of its strength to that of 
the interior metal, and calculating the 
effect such a layer will have on sintering 
rates. 
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Introduction 


THE perennial and increasing interest 
in the chemical behavior of steelmaking 
slags has led to numerous attempts to 
formulate the thermodynamic proper- 
ties of these solutions. The classical 
view is that of a solution of the com- 
ponent oxides in which certain acidic 
oxides are more or less completely held 
in combination with basic or metallic 
oxides, the nature of the interoxide 
compounds being derivable from the 
chemical behavior of the slag or from 
the mineralogy of a solidified specimen. 
The known electrical conductivity of 
slags has pointed to the existence of 
ions in the solution and a number 
of attempts have been made to account 
for the observed facts of slag behavior 
on the basis of a theory of complete 
ionization of the solution. It is the pur- 
pose of this paper to examine, in the 
light of ionic theory, a number of re- 
cently published series of data on 
slag-metal and slag-gas equilibria, with 
the purpose of obtaining a more com- 
plete or more satisfactory generaliza- 
tion than has been possible on either of 
the single bases of simple compound 
formation or complete ionization. 

The attempt to formulate the ionic 
constitution of a complex solution is 
fraught with many uncertainties. An 
ion is not something that~can be 
plucked from the solution and ex- 
amined in detail, nor can its true 
formula be determined with certainty 
by any single experimental method. In 
attempting to express the composition 
of a slag by various ionic formulas it 
can be expected that alternative hy- 
potheses of essentially equal merit will 
present themselves. In the present 
state of early development of the ionic 
theory of slags, it may be necessary to 
make some rather arbitrary choices of 
ionic formulas in the absence of suffi- 
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cient information to yield complete 
certainty. 


Acids and Bases 


The classification of slag-forming ox- 
ides as acidic or basic apparently dates 
back into the days of Berzelius. It is 
difficult to see how the concept could 
have originated in the early twentieth 
century when it was fashionable to 
define an acid or a base as an aqueous 
solution containing hydrogen or hy- 
droxyl ions. It is, however, entirely 
consistent with the modern and more 
general theory of acids and bases.. In 
this theory, as originally formulated by 
G. N. Lewis,! a basic molecule is one 
that has an electron pair which may 
enter the valence shell of another atom 
thus binding the two together by the 
electron-pair bond. An acid molecule is 
one which is capable of receiving such 
an electron pair into the shell of one of 
its atoms. The acid, the base, and the 
product of neutralization may be either 
ions or neutral molecules. The product 
of such a reaction may itself be a base 
or an acid if it is further capable of 
giving or accepting an electron pair. 
Thus a base is a donor of electrons, an 
acid, an acceptor. In oxide slags the 
typical and ever-present base is oxide 
ion, 0-~. In behavior and in importance 
it is analogous to hydroxyl ion, OH-, 
which is the typical base of aqueous 
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solutions. There is nothing in the chem- 
istry of slags which is quite analogous 
to the acid H;0+* in aqueous solutions. 
This is not surprising for in slag systems 
there is nothing which can be desig- 
nated as a solvent and no ubiquitous 
positive ion. The chemistry of slags is in 
fact more complex than the chemistry 
of aqueous solutions and the concepts 
which must be evoked in its study are 
correspondingly broader. 

In seeking a basis for a classification 
of slag-forming oxides as basic or acidic 
it must be remembered that these terms 
are not absolute but relative. A sub- 
stance which acts as a base toward a 
second substance may act as an acid 
toward a third. This is less likely to 
happen among strong bases or acids 
than among the weak ones; there are 
numerous examples of weak acids. 
which under the influence of a stronger 
acid behave as weak bases. Such sub- 
stances are called amphoteric. A classi- 
fication of the glass-forming oxides has 
been proposed by Sun and Silverman? 
and further developed by Sun? in which 
the oxides are arranged in order of de- 
creasing acidity or increasing basicity, 
each substance being potentially capa- 
ble of acting as an acid toward sub- 
stances below it in the list and as a base 
toward those above it. It is based upon 
the relative strengths of the metal-to- 
oxygen bond as determined by the 
energy required to dissociate the oxide 
into its component atoms.‘ Data are 
available for computation of this en- 
ergy, at least approximately, for the 
oxides of slags and glasses. In general 
those oxides from which it is most diffi- 
cult to remove the positive atom are 
the strong acids while those in which it 
is most loosely held are the strong 
bases. It is in the latter, of course, that 
formation of oxide ion occurs most 
readily as, for example, in CaO which 
in solution ionizes to form the weak 
acid Cat* and the strong base O--. The 
order of arrangement found by Sun is 
shown in the first column of Table 1, to 
which have been added the data for 
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Table 1... Oxides Arranged in 
Order of Increasing Basic Strength 
As Determined by Several Methods 


From Relative | From Carbon- | From Sulphate 
on ate Decom- Decompo- 

Strength’ position® sition® 
B20; P205 
SiO2 B2O3 
P205 SiO» 
AlsOs TiO2 
Sb205 
ZrO2 ; 
TiOz BeO 
BeO Fe203 
SnO2z CuO 
FeO FeO CoO 
PbO ZnO NiO 
MgO CoO ZnO 
MnO MnO CdO 
LizO PbO MnO 
PbO CdO PbO 
CaO MgO MgO 
SrO CaO CaO 
BaO Li.O Li2zO 
Na2O BaO BaO 


several slag oxides. 

Another method of comparing basic 
strength of oxides is through studies of 
the decomposition of such compounds 
as carbonates and sulphates. The 
stronger the basic properties of an 
oxide, the more strongly does it hold 
fast to CO, or SO; and accordingly the 
lower is the decomposition pressure at 
a given temperature. Acidic oxides may 
be compared by their relative ability to 
displace CO, from a given carbonate. 
The information on relative basic 
strengths derived from experiments of 
this sort has been summarized by Flood 
and Forland® and is quoted in the sec- 
ond and third columns of Table 1. It is 
to be observed that the three columns 
are in very good agreement although 
minor discrepancies are present. 

All oxide slags contain oxide ion, 
O--, and as Stegmaier and Dietzel® 
have shown, the higher the concentra- 
tion of this ion the more basic is the 
slag. Other basic ions such as F~- and 
S-- may also contribute to the proper- 
ties which we associate with basic slags. 
Usually, however, the relative con- 
centrations of these ions is small and 
the basicity is determined by the con- 
centration of oxide ion. Thermody- 
namically a more satisfactory measure 
of basicity is the activity of oxide ion in 
the slag. This will be discussed in a 
later section. 

On the basis of the Lewis theory of 
acids and bases the formula for oxide 


ion is written : O :~-, the pairs of dots 


being used to represent pairs of elec- 
trons, not statically placed as in the 
formula but possessing points of maxi- 
mum probability which for chemical 
purposes are sufficiently well repre- 
sented by the dots. The process of neu- 
tralization of the base O-- by an acid 
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such as SiO;~~ consists in the transfer 
of a pair of electrons from the oxygen 
to the silicon atom where they serve as 
a bond to hold together the product of 
the reaction. The process may be shown 
as follows: 


: 0 : Si (acid) + : O .-- 
x sa t 
Giecsailicaee ion) + (oxide 


A measure of the acidity of a slag com- 
ponent may thus be found in its ability 


ane 50: 0 ae 
SiO: St: ONGEAO TS: 


Oa Oe: aOR Oise 


to diminish the concentration of oxide 
ion by formation of a stable neutraliza- 
tion product. 


SILICATES 

The oxide SiO, has a crystal struc- 
ture consisting of a multiplicity of SiO: 
groups, each silicon being surrounded 
by four oxygens, arranged tetrahe- 
drally, and each oxygen being shared 
by two silicons. The surface layers of 
such a crystal might be depicted as: 

xX xX 


“Ao emt Wee i Pe se 
LOE: Rial ee oa ee 


in which the symbol X is used to denote 
a repeating pattern of SiO, groups 
within the crystal. The tendency to 
form these SiO, groups is exceedingly 
strong, and they have been identified 
by -X ray methods not only in silica 
but in all crystalline silicates and in 
glasses. There can be little doubt that 
the silica in slags is present in the form 
of some such tetrahedral groups. Con- 
sider the neutralization of a crystal of 
silica by oxide ions of a slag. Each 
silicon atom and two of its attendant 
oxygen atoms undergo separation from 
the rest of the crystal and neutraliza- 
tion by oxide ion to form metasilicate 
ion according to the equation: 


X O° 
X Bir Ooo. OO Signe -— 
OR Oe 


But the silicon atom has a coordination 
number of four and a strong tendency 
to surround itself by four oxygen atoms. 
In response to this tendency the result 
is a linking together of two or more ions 
into a chain which is characteristic of 


Oe 4— 


0 Sie 
Oe 


(base) = 


ion) = (orthosilicate ion) 


metasilicate minerals and which may 
be depicted by the formula: 


2n- 


a1 Qs 
O : Si: O : or (SiOs)92"- 
Oe 


The number of silicon atoms in such a 
chain would undoubtedly decrease with 
rising temperature. The chains are 
strongly acidic and probably do not 
occur in strongly basic slags. The vis- 
cosity of an acid slag is probably de- 
pendent upon the average chain length. 
It is easy to imagine that a chain might, 
like Kekulé’s snake, bite itself by the 
tail thus forming a closed ring, and the 
minimum number of silicon atoms in 
such a metasilicate ring would be three. 

Further addition of oxide ion to a 
silicate melt carries the neutralization 
a step farther, forming pyrosilicates 
(SiOsn41]2"t®-. To take the simplest 
case (and the one which is most prob- 
ably significant in slags) of a pyrosili- 
cate containing two silicon atoms, its 
formation is represented by: 


ie 0: 
SOs OO =e) Qi eet 
O7NH0: 
bh 6- 
SO eo 
0:Si:0:8i:0 
:0: :0: 


Neutralization is not yet complete until 
this has been converted into ortho- 
silicate by the reaction: 


O-S1:0:50 a ee 
OLE cs 
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It is evident in these illustrations that 
the product of neutralization in one 
reaction may act as an acid in another. 
The successive steps and the relative 
acidity of silicon in the several forms 
may be represented by the following 
series adapted from the work of Hug- 
gins and Sun!: 


An amphoteric oxide may function 
either as an acid or a base depending 
upon the oxide-ion activity of the solu- 
tion to which it is added. As a typical 
example, alumina may ionize in ac- 
cordance with either of the following 
reactions: 


Al,O3; = 2Al]3+ + 30-- 
Al,03 + 30-- = 2A10,3- 


It may thus increase or decrease the 
oxide ion activity depending upon 
whether the basicity of the slag to 
which it is added is small or great. 


Acid Decreasing Acidity Basic 
EFT rarest. 8 oct ecsh COIR RS loge A RO See | Se UarTee: SiO SizOs~— | SiOs-- | SizO76- | SiOs4- 
Atoms of Srmperiatom. Of Owsi; oc6 4... beeen kk. 0. 50 0.40 0.333 0. 286 0. 250 
Energy per tetrahedron K cal..................... 3110 3123 3131 3137 3141 


OTHER ACIDIC OXIDES 


Phosphorus likewise has a coordina- 
tion number of four and forms meta-, 
pyro- and orthophosphate ions whose 
formulas in order of neutralization are: 
P.O; PO;- P.O;74- PO,3-. Similarly the 
other acidic oxides react with oxide ion 
to produce anions which become pro- 
gressively less acidic as the oxygen 
content increases. In general the nature 
of these ions is less thoroughly under- 
stood than in the examples cited above, 
especially with respect to ionic consti- 
tution in liquid slags at steelmaking 
temperatures. It is sometimes possible 
to deduce the nature of the ion from its 
known chemical behavior in the slag. 
For example, in basic open-hearth slags 


the acidifying effect of one mole of 


A1,03 is neutralized by addition of two 
moles of CaO. The neutralization in 
slags of this kind is therefore very 
probably represented by the equation: 
Al,O3 +. 20m Al,O;4- 
Other oxides of similar formula may 
form ions of quite different type. Thus 
the strong acid B,O; if completely neu- 
tralized gives = 
B,03 + SUR = = 2(BO3)*- 


BASIC OXIDES 


Any oxide which when added to the 
slag increases its oxide ion activity is a 
basic oxide. The most strongly basic 
oxides are those of the alkali and 
alkaline earth metals. In addition to 
oxides, the fluorides, chlorides and sul- 
phides should be considered. Their 
behavior is altogether analogous to 
that of oxides, the negative ions F-, 
Cl- and S-~ acting as bases. 
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Tonic Solutions 


Fused salts are excellent conductors 
of electricity and, especially in the case 
of the halides, have long been regarded 
as highly ionized. Many fused oxides, 
including the mixtures which we call 
slags, are also strong electrolytes’ and 
therefore are in considerable measure 
dissociated into ions. Herasymenko® 
proposed that open hearth slags are 
completely dissociated | into positive 
metallic ions and several kinds of nega- 
tive ions including many of those men- 
tioned in the foregoing section. He 
showed excellent agreement between 
theory and observations in many cases 
of slag-metal equilibrium with acid 
slags. The success of the theory with 
respect to basic slags was less note- 
worthy. Temkin® defined an ideal ionic 
solution and applied the concept to 
steelmaking slags. He defined the ion 
fraction of a positive or negative ion 
N,* or N;~ as the ratio of the amount 
of this ion to the total of all ions of like 
sign present in the solution. He treated 
ionic solutions as being ‘‘ideal” in the 
sense that the activity of each ion is 
equal to its ion fraction. Samarin, 
Temkin and Shvarzman!® showed ex- 
cellent agreement between theory and 
observations in the distribution of 
sulphur but unfortunately not for the 
case of oxygen distribution between 
slag and metal. We shall refer to the 
assumed equality of activity and ion 
fraction as “‘Temkin’s rule.” 


Liguid Iron Oxide Slags 


From the ionic viewpoint, the be- 
havior of liquid iron oxide indicates 


clearly the presence of Fe++, O-- and 
at least one other negative ion contain- 
ing trivalent iron. That trivalent iron 
is present as an anion rather than as 
tripositive ferric ion is shown by the 
marked increase in ferric iron which 
attends an increase in slag basic- 
ity, other factors remaining constant. 
Which of a number of possible ‘ferrite 
ions” is present in basic slags cannot 
be decided on the basis of any evidence 
now available. A series of possible ions 
formed from ferric ion by successive 
neutralization with oxide ion is sug- 
gested.as follows: 

Fet++ Fe,03 FeO,- Fe.0;4- FeO,3- 
Since the composition of the liquid may 
be expressed in terms of Fe++, O-- and 
any one of the anions suggested, the 
choice of one of these becomes a matter 
of convenience. It will be convenient to 
select the formula which leads to values 
of activity coefficient nearest to unity, 
or least variable with composition. A 
simple calculation from the recent data 
of Darken and Gurry! showed that 
Fe,0;*~ is the most satisfactory of the 
four ionic formulas suggested, from the 
standpoint of simplicity of calculation. 
The occurrence of dicalcium ferrite in 
solidified basic slags!? indicates’ that 
this choice is not an unreasonable one. 

Darken and Gurry" have established 
the equilibrium relationship between 
molten iron oxides and a gas phase con- 
taining CO and CO,. Their data cover 
a temperature range from 1400 to 
1600°C and compositions represented 
by ratios of oxygen to iron between 
1.01 and 1.37. They provide as com- 
plete a set of experimental data as 
could be desired for thermodynamic 
study of these molten oxides. The data 
for 1600° are reproduced in Table 2 in 
which the first three columns are taken 
directly from Darken and Gurry’s 
Table 6. The figures in the other col- 
umns will be discussed later. 

In view of what has been said above 
with regard to the principal ions pres- 
ent in the solution, the principal reac- 
tion and its equilibrium constant may 
be written: 


2Fet+ + 40-- + CO2(g) 
= Fe,0;4- + COG) [1] 
K, =P. Ave205"_ 

a Poco, (Aret*)?- (ao-~)4 
In this expression the a’s represent 
activities of the ions and it will be well 
at the outset to state clearly the mean- 
ing of this term. Ion activity may be 

defined like any other activity as 

a=e ee 
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where p and yz° are the chemical poten- 
tials (free energies) of the ionic com- 
ponent at two concentrations, one of 
which, °, is selected as a standard for 
reference. The activity has no absolute 
value since it depends only on the 
difference in chemical potential; for 
this reason it is sometimes called the 
relative activity. Darken and Gurry 
chose as their standard state a solution 
in which No/Nr. = 1.07 and it was on 
this basis that the third column of 
Table 2 was obtained. For our purposes 
it will be more convenient to adopt 
No/Nvre = 1.00 as the standard state, 
corresponding to the hypothetical pure 
liquid FeO. Referred to this standard, 
the value of log ayeo will differ by a 
constant amount from that of the third 
column, the new values being given in 
the fourth. The constant difference of 
0.040 was found for each of the experi- 
mental temperatures by extrapolation 
to unit ion fraction of oxide ion. Corre- 
sponding values for the activity of 
FeO are given in the last column. 

In the pure liquid FeO the activities 
of the ions Fe++ and O-~ as well as of 
the component FeO will be taken as 
unity. These choices require that 

Greo = Arett * do [2] 
an equation which we shall use as the 
definition of the activity of FeO in any 
slag. It should be noted specifically that 
nothing has been said about the degree 
of ionization of FeO. The definition of 
activity here employed* is equally use- 
ful whether the melt is completely or 
only infinitesimally ionized. The ac- 
tivity coefficient, y, of an ion will be 
defined as the ratio of its activity to its 
ion fraction. For other ions in the solu- 
tion, such as Fe,0;*~ or Fe*+ the refer- 
ence state will be the infinitely dilute 
solution in FeO in which the activity is 
equal to the ion fraction or y = 1. 

The equilibrium constant of Eq 1 
may be obtained from the data of 
Darken and Gurry." For slags in which 
the ratio of No/Nre is 1.15 or less and 
the concentration of Fe*+ ion is proba- 
bly quite small, the calculations are 
shown in Table 3. The first two columns 
are the experimental data of Darken 
and Gurry’s Table 6. Columns 3 and 4 
are ion fractions computed from col- 
umn 1 on the assumption that the 
liquid contains only Fe++, O-- and 
Fe,0;*-. Since the ion fraction of Fet++ 
is unity, the activity of O-— is equal to 
that of FeO by Eq 2. Values of apo 
were shown in Table 2 for 1600° and at 


* This follows the standard treatment of ion 
peer ees by Lewis and Randall; see Ref. 17, 
p. 
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Table 2... . Equilibrium Gas Composition and Activity of Ferrous Oxide in 
Liquid Iron Oxides at 1600°C from Data of Darken and Gurry'' 


log — Log a — Log a Ce) 

No/N¥e Pons Peo 8 460 FeO 
(0. 000) (1.000) 
Tore —0.728 —0.0291 0.011 0.975 
1.04 Se vil —0.0191 0.021 0.951 
1.07 —0.021 0. 0.040 0.912 
1.10 +0.295 +0. 0268 0.067 0.857 
1.15 0.812 0.0914 0.131 0.740 
1.20 1.30 0.177 0.271 0.607 
1.25 1.80 0.290 0.330 0.468 
1.30 2.35 0.439 0.479 0.332 
16333 2.74 0.565 0.605 0.248 
1.34 2.82 0.593 0.633 0.233 
res7 3.22 0.733 0.773 0.169 


Table 3. . . Equilibrium Constant of Eq 1 at 1600, 1500 and 1400°C 


No/N¥e Pco2/Pco | No-- Ny¥e205*— OLE | Ki 
Temperature 1600° 
4 0.425 0.954 0.046 0.951 0.131 
i 07 0.952 0.912 0.088 0.912 0.134 + *\"135, 
1.10 1.97 0.857 0.143 0.857 0.135 , 
1.15 6.48 0.728 0.272 0.740 0.149 
Temperature 1500° 
1.04 0.384 0.954 0.046 0.954 0.145 
1.07 0.886 0.912 0.088 0.912 0.144| average 
1.10 1.893 0.857 0.143 0.855 0.140 0.144 
1.15 6.60 0.728 0.272 0.731 0.147 
Temperature 1400° 
034 . 263 0.963 0.037 966 164 
04 .338 -954 0.046 956 164{ average 


other temperatures may be obtained in 
the same manner from the experimental 
data. They are listed in the fifth col- 
umn as do. It is to be noted that 
these experimental values of ao~~ agree 
closely with No-- thus making yo-~ 
= 1 for these solutions. 

The activity of this ion thus con- 
forms to Temkin’s rule. Now in binary 
solutions if one component obeys 
Raoult’s law over a given range of 
composition it follows that the second 
component obeys Henry’s law in the 
same range. By analogy then, since 
there are two negative ions, if one 
obeys Temkin’s rule the activity of the 
other is proportional to concentration 
in the same range. It follows that in 
these solutions 7r,0,‘~ (referred to the 
infinitely dilute solution) is unity. The 
values of the equilibrium constant com- 
puted from the ion fractions are given 
in the last column, the constancy being 
surprisingly good. Since deviations 
occur at higher ratios of oxygen to iron, 
the values at the lower concentrations 
are used to obtain the average values 
of K Ie 

The deviations in K, which occur at 
ratios of No/Ng. greater than 1.15 
could readily be treated by imposing an 
activity coefficient upon any of the ion 


fractions involved, for example Fe,0;!-. 
We prefer to accomplish the same 
purpose by the hypothesis that at 
higher ferric contents the concentration 
of the ferric ion, Fe*+, becomes signifi- 
cant. It is likely that as the concentra- 
tion of Fe,O;*~ ion increases and that 
of O-- ion decreases, a_ significant 
amount of Fe,0;*~ ion dissociates into 
Fe*+ and O-- according to some in- 
ternal equilibrium which we express by 
the following equations: 

Fe.0;4- = 2Fe%+ + 50; = 

(ar.?*)2(ao--)® 

ee e (dFe20;*~) 
When Fe** ion is present in significant 
amount, it becomes no longer possible 
to calculate the concentration of each 
constituent directly from the No/Nye 
ratios without knowing the constant 
K; and the corresponding activity co- 
efficients. However, we shall proceed to 
solve the problem from the Darken and 
Gurry data as follows: 

From Eq 1 and our definition of ayeo, 
and continuing the assumption of unit 
activity coefficient for oxide and ferrite 
ions, we may write: 

eehepeo(l. Nor) 
LO Pco.* (Areo)? - (No~-)? [la] 
This expression is solved for each of the 
data to yield No-~ and Nye,0,4~ (which 
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Table4... Calculation of Ferric-ion Activity and of K; in Iron Oxide Slags 
Temperature 1600°, Ki = 0.133 


No/Nve | Pco:/Pco| *reo | No-- | Nve20st-| Nret+ | @ret+ | Ypet+ | Yost | apeet [Ka X 104 
1.20 20.0 0.607 | 0.622 0.378 | 0.939 | 0.976 1.04 0.48 0.029 2.09 
1.25 63.1 0.468 | 0.514 0.486 | 0.851 | 0.911 P07 0.35 0.052 2.03 
Loa0) 223.9 0.332 | 0.421 0.579 | 0.733 | 0.788 1.07 0.34 0.091 1.89 
IR BBS 549.5 0.248 | 0.374 0.626 | 0.638 | 0.664 1,04 0.36 0.130 2.00 
1.34 668.3 0.233 | 0.363 0.637 | 0.617 | 0.642 1.04 0.37 0.142 1.98 
1.37 1660 0.169 | 0.327 0.673 | 0.520 | 0.517 0.99 0.39 0.187 1.95 

| 


is 1 — No). The solution is shown in 
the first five columns of Table 4 of 
which the first three represent the 
experimental data. The fourth and 
fifth columns are obtained by solution 
of the above equation using values of 
K, from Table 3. The ion fraction of 
Fe*+ is found from the stoichiometric 
requirements (a) that the ratio of the 
total number of atoms of the two kinds 
must be that of column one and (6) 
that the total positive and negative 
charges must be equal. From these 
considerations we have: 
(No + 5N¥e20;4-)/ 
(2N¥e.0;*— + Nett ats Nre**) 

= No/N¥e [a] 

2iizett == 3g? = 2No—— aF gett 


Here N represents ion or atom fractions 
while n is the number of moles of fer- 
rous and ferric ion respectively per 
mole of total negative ion. Simultane- 
ous solution of Eq a and b leads to the 
value of Ny.*+ shown in column six 
which in these solutions is equal to 
Nett / (Nett == Tre). 

The activity of ferrous ion in column 
seven is obtained by Eq 2 from the 
activity of FeO and the ion fraction of 
oxide ion which is here assumed equal 
to its activity. The activity coefficient 
shown in column eight is remarkably 
close to unity but the deviations are 
not negligible. 

In order to obtain activity coeffi- 
cients of Fe?+, we shall assume that the 
activities of the two positive ions follow 


the same relationship as that governing 


the behavior of two components in a 
binary system. By analogy with the 
Gibbs-Duhem equation!’ we write: 
N re 
oe 

The integration covers the composition 
range extending to ‘‘pure” FeO and 
consequently involves a rather gross 
extrapolation. The uncertainty thus 
introduced corresponds to a constant 
factor in the activity and hence does 
not affect the relative accuracy. The 
resultant values of the activity coeffi- 
cient and the activity of Fe** are 
given in Table 4. Finally the values of 
K; based upon these data are shown in 
the last column. The surprisingly good 
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log yre** = 


constancy may be due as much to the 
method of obtaining yy.*+ as to any 
other factor, but it should be noted 
that these values themselves do not 
vary greatly and a fairly constant K; 
could have been obtained using ion 
fractions for activities. 


The Distribution of FeO 
between Molten Iron and 
Oxide Slags 


PURE IRON OXIDE SLAGS 


From the ionic viewpoint the dis- 
tribution of FeO between molten iron 
and liquid iron oxide may be expressed 
by the following equation: 


Fe (lig.) + O (in Fe) = FeO 


= Fet+ +0 [4] 
Greo Are’ * * do 
LAP BION GC 


The experimental data’*:!4 on the dis- 
tribution of FeO between molten iron 
and liquid iron oxide containing small 
amounts of CaO, MgO and SiO» are 
used to determine the distribution con- 
stant K,. The most probable ion species 
in these slags are: Cat+, Mg*t, Fet+, 
O--, Si0,4- and Fe,0;~. Since the con- 
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centration of ions other than Fet++ and 
O-~ is very low, the activity coefficeint 
of Fe** and O- will be close to unity 
and as an approximation ion fractions 
may be used for activities. 

A plot of log K, vs. 1/T is shown in 
Fig 1. The straight line is represented 
by the equation 


log K, = +6000/T — 2.57 [4a] 


This is essentially equivalent to the 
equation used by Taylor and Chip- 
man" to represent the same series of 
data. It differs slightly because of the 
different standard state used here and 
the different method of correcting for 
impurities. 

When the slag is in equilibrium with 
molten iron, it contains a small concen- 
tration of trivalent iron in the form of 
ferrite ion as shown by the equation 


3Fe++ + 50-- = Fe + Fe.0;4- [5] 


AKe,05° 
Ks = (arett)® + (ao--)* 
Values of K; are readily obtained from 
the data of Darken and Gurry. Using 
their limiting gas and oxide composi- 
tions, with a small correction to corre- 
spond with liquid iron, and our average 
values of K,, we find at temperatures of 
1600, 1500 and 1400°C that K; = 
0.0255, 0.0316 and 0.0395 respectively. 


IRON OXIDE SLAGS CONTAINING 
LIME OR MAGNESIA 


When liquid iron oxide slags contain- 
ing varying amounts of lime or mag- 
nesia in solution are at equilibrium 
with molten iron, the concentration of 
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FIG 1—Temperature dependence of the ionic distribution constant for oxygen between 
iron and iron oxide slags. K4 = are++.ao--/% O. Circles, Chipman and Fetters;1* 


squares, Taylor and Chipman.** 
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FIG 2—Acctivity coefficient of oxide ion in slags containing the oxides of iron, calcium and magnesium. 


oxygen in the metal phase serves as a 
convenient measure of the activity of 
FeO in the slag. The concentration of 
ferrite ion in the slag at equilibrium 
with molten iron is relatively low but 
increases with increasing percentages of 
CaO or MgO. That of Fe** is entirely 
negligible. 

Activities of Fe++, Cat+ and Mg++ 
may be assumed equal to their ion 
fractions. The activity of O-— is ob- 
tained from that of Fe++, the oxygen 
content of the molten iron in equilib- 
rium with the slag, and the value of 
K, given in Eq 4a. The data of Taylor’ 
and of Fetters and Chipman? are used 
in making the calculations, the results 
of which are shown in Fig 2. Here the 
value of the activity coefficient of oxide 
ion is plotted against the sum of the ion 
fractions of Ca++ and Mg++. With a 
few exceptions the values of yo-- fall 
in the range 0.9 to 1.15 and appear to 
be almost independent of the ratio of 
Cat+ to Fet++, perhaps increasing 
slightly with decreasing Fet+. The 
method of computation imposes all of 
the errors of experiment and of assump- 
tions regarding activities upon the 
value of yo--. The fact that the result 
lies within 10 to 15 pct of unity at all 
compositions indicates the usefulness of 
Temkin’s rule in these solutions. It 
shows further that FeO and CaO are 
almost equal with respect to the 
amount of oxide ion that each con- 
tributes to slags of this type. This find- 
ing might reasonably be construed as 
evidence that both oxides are either 
completely ionized or not at all. 

The activity of Fe,0;4~ ion in these 
slags may be obtained from the slag 
compositions and values of Ks; given 
in the preceding section. The accuracy 
will be improved somewhat by combin- 
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ing K, with K, to obtain the following: 
4— 
Sane 
denn r (do ) [% O] 
Values of Kare given by the following 
equation which is based upon data 
previously cited for the other K’’s: 


log Ks = +15000/T — 8.32 [6a] 


Values of the activity coefficient of 
Fe,0;‘~ ion found from these equations 
and data on lime-iron oxide slags are 
presented in Fig 3. Here is an entirely 
different behavior by an activity coeffi- 
cient than we have found for that of 
any other ion, the variation being 
about 100-fold within the observable 
concentration range. It is true that the 
method of calculation has piled all the 
errors of data and assumptions onto 
this coefficient; but the same data gave 
activity coefficients for oxide ion ap- 
proximating unity. Moreover the low 
coefficient for Fe.0;4~ ion is not related 
to a high concentration of this ion but 
is dependent upon a high concentration 
of the cations Ca++ and Mgt. It is 
evident that these two ions exert a very 
different effect upon Fe,0;4- than does 
Fe++, the effect being of the nature of 
an attraction between positive and 
negative ions. What this means in 
terms of the structure of the melt can- 
not be learned from thermodynamics 
alone. It may be regarded as evidence 
of a tendency to form complex ions or 
neutral compounds, or of a more pro- 
nounced close-range ordering of posi- 
tive and negative ions. Flood and 
Forland® have pointed out other in- 
stances in which the stability of similar 
anions is markedly affected by the 
nature of the cation. Kheinman!* called 
attention to the striking differences 
between melts of the compositions 
2FeO- SiO. and 2Ca0-SiO:. The 


Ks = 


former is an excellent conductor of 
electricity and the conductivity is pro- 
gressively diminished as the latter is 
added. He regards this as evidence of a 
change in the coordination numbers of 
the ions, the Ca++ ion being prevented 
from taking part in the transfer of 
electricity by a coating of silicate ions. 
The result is equivalent to the forma- 
tion of “‘nondissociated”’ Ca2SiOy. This 
seems quite analogous to the case of the 
ferrites. 

We now return to the question of 
what constitutes a basic oxide in slag. 
How can we, on the basis of ionic 
theory, account for the differences in 
behavior between the common basic 
oxides? That these differences are not 
due to different degrees of ionization of 
the oxides themselves has been demon- 
strated-in the case of CaO-FeO slags 
where the oxide-ion activity is essen- 
tially independent of the cation. The 
evidence thus far presented indicates 
that differences in the basic strength of 
oxides becomes apparent only in the 
presence of anions other than O--. And 
it is the ability of the cation to bind 
these larger anions into inactive com- 
plexes which determines the behavior 
of the oxide as a base. We shall not 
attempt a detailed discussion of the 
nature of these inactive complexes. 
They may be thought of as neutral ion- 
groups behaving as molecules or as 
regions of marked close-range order, or 
as parts of a network of anions in which 
the cations of the more strongly basic 
oxide become more firmly entangled. 
In representing them by chemical for- 
mulas we must for the present disclaim 
any implication as to structure. 

With this understanding we may say 
that the stronger basic properties of 
CaO as compared to FeO are due 
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FIG 3—Acctivity coefficient of ferrite ion in slags containing the oxides of iron, calcium 


to the nearer approach to completion 
of such reactions as: 2Catt+ + Fe,0;‘- 
= Ca,Fe.0; than in the corresponding 
reaction of Fet++. There is no conflict 
between this concept and the statement 
that a basic oxide is one which in- 
creases the oxide-ion activity of the 
slag. Addition of either CaO or FeO to 
a slag increases the oxide-ion concen- 
tration about equally. But the addition 
of CaO, by inactivating larger ions 
such as ferrite, increases the effective 
fraction of O-- and thereby causes a 
further increase in the oxide-ion activ- 
ity. Kheinman!* has shown that this 
concept is capable of quantitative ap- 
plication to silicate slags and leads to 
satisfactory results for oxygen and 
sulphur distribution in slags containing 
up to 30 pct silica. It is our intention to 
discuss such applications in more detail 
in a later paper. 


Summary 


This paper is a step toward a thermo- 
dynamic treatment of slag-metal and 
slag-gas reactions based upon the as- 
sumption of ionization in the slag. The 
Lewis theory of acids and bases is ap- 
plied to slags. Basic slags contain oxide 
ion O-- which is itself a strong base. 
The activity of oxide ion in the slag 
determines its basicity and a_ basic 
oxide is one which will increase the 
oxide-ion activity of the slag. The 
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and magnesium. 


step-wise neutralization of acid oxides 
by oxide ion is illustrated. 

The theory of complete ionization of 
open hearth slags is discussed and it 
is shown that ion activities may be 
useful even without knowledge of the 
degree of ionization. Temkin’s use of 
ion fraction as a measure of ion activity 
is a useful approximation; ionic solu- 
tions which are ideal in this respect may 
be achieved by judicious selection of 
ion formulas. 

The data of Darken and Gurry on 
equilibrium of gases with liquid iron 
oxides are consistent with the ion for- 
mulas Fett, O--, Fe.O;*~ and Fe, the 
last being significant only in highly 
oxidized slags. Thermodynamic rela- 
tionships among these ions are deduced 
from the data. 

Data on the distribution of iron 
oxide between metal and simple oxide 
slags is shown to be consistent with the 
same ion formulas and thermodynamic 
constants. In iron oxide slags the ion 
activity coefficients are unity. Addition 
of CaO or MgO has little effect on the 
activity of oxide ion but causes a sharp 
decrease in activity coefficient of 
F e.0 5° ion. 

The differences in basic strength of 
oxides in slags are ascribed to differ- 
ences in the abilities of the cations to 
form inactive complexes with the 
larger anions such as Fe,O5* and 


SiO yas 


This paper is based upon part of a 
study of the behavior of metallurgical 
slags sponsored by the American Iron 
and Steel Institute. 
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Introduction 


Prior to discussing the metallurgy 
of sintered chromium borides, it is 
pertinent to outline some of the reason- 
ing behind this investigation and the 
purposes underlying the work. 

This study was initiated as an ap- 
proach to the ubiquitous problem of a 
material for service at high tempera- 
tures under oxidizing atmospheres, and 
it was undertaken with a view to rais- 
ing the 1500°F (816°C) ceiling to 
2000°F (1093°C) or better. For the 
reason that no small, but rather a 
major, lifting of the high temperature 
working limit was being attempted, it 
was felt appropriate that a completely 
new approach be taken to this problem. 

A summary of the thinking behind 
this approach was published recently 
by Schwarzkopf.! In briefest terms, it 
was postulated that the following 
requirements could be set up for a 
material which would have high 
strength at high temperatures. 

J. The individual crystals of the 
material must exhibit high strength 
interatomic bonds. This automatically 
leads to consideration of highly refrac- 
tory materials, since their high energy 
requirements for melting are related to 
the strength of their atom-to-atom 
bonds. 

2. On the polycrystalline basis, high 
boundary strength, superimposed on 
the above consideration, would also be 
a necessity. Since this implies control 
of boundary conditions, the powder 
metallurgy approach would hold con- 
siderable promise. 

Such materials actually had been 
fabricated for a number of years, and 
the cemented carbide is the best exam- 
ple of these. Here a highly refractory 
crystal was carefully bonded and re- 
sulted in a material of extremely high 
strength. That this strength was main- 
tained at high temperature is exhibited 
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by the ability of the cemented carbide 
tool to hold an edge for extended 
periods of heavy service. 

Nowick and Machlin®* have ana- 
lytically approached the problem of 
creep and stress-rupture properties at 
high temperature and developed pro- 
cedures whereby these properties can 
be approximately predicted from the 
room temperature physical constants of 
a material. The most important single 
constant in the provision of high tem- 
perature strength and creep resistance 
is shown.to be the Modulus of Rigidity. 
On this basis, they proposed that a 
fertile field for investigation would be 
that of materials similar to cemented 
carbides, which have Moduli of Rigid- 
ity that are among the highest recorded. 

The cemented carbide, however, 
does not have good corrosion resistance 
in oxidizing atmospheres and without 
protection could not be used in gas 
turbines and similar pieces of equip- 
ment. It would be necessary then to 
attempt the fabrication of an allied 
material based upon a hard crystal 
which had good corrosion resistance as 
well. 

It was upon these premises that the 
subject study was undertaken and at 
an early stage it was sponsored by 
the U.S. Navy, Office of Naval Re- 
search. Since then, it has been carried 
on under contract with this agency. 

Chromium boride provided a logical 
starting point for such research, since 
it was relatively hard, exhibited good 


San Francisco Meeting, February 
1949. 

TP 2519 E. Discussion of this paper 
(2 copies) may be sent to Tansac- 
tions AIME before May 15, 1949. 
Manuscript received October 18, 1948; 
revision received November 26, 1948. 

* This paper was also presented, in 


part, at The International Powder 


Metallurgy Congress, 1948, Graz, 
Austria. 

_ Technical Director, American 
Electro Metal Corporation, Yonkers, 
NOY. 

References are at the end of the 


paper. 


corrosion resistance, and, in addition, 
was commercially available, since it 
had found application in hard-surfacing 
alloys with iron and nickel. That 
chromium boride did not provide a 
material that met the ultimate aim of 
the study results from factors which 
are subsequently discussed. This, how- 
ever, does not detract from the basis on 
which the study was conceived, nor 
from the value of reporting the results 
which follow. 


Chromium Boride 


While work on chromium boride 
proper dates back to Moissan,* there 
has been a dearth of literature on bor- 
ides since 1906. Subsequent to Moissan, 
principal investigators of chromium 
boride were Tucker and Moody,*® Wede- 
kind and Fetzer,® du Jassoneix,”*}9 and 
Andrieux.!° 

These investigators were generally 
limited to studies of methods of pro- 
ducing chromium boride and de- 
termining its properties. Some study, 
however, was devoted to the chro- 
mium-boron system by du Jassoneix,’ 
who did this chemically and metal- 
lographically. This system is not 
amenable to normal methods of analy- 
sis by virtue of the refractory nature of 
the alloys involved, and the difficulties 
of measurement and control of tem- 
perature conditions in their range. 
Dilatometric apparatus is nonexistent 
for operation at these temperatures. 
Du Jassoneix made use of appar- 
ent chemical differences between two 
phases observed under the microscope 
and reported the existence of two 
definite compounds, namely: Cr;B, and 
CrB. These two compounds, he re- 
ported, had quite similar chemical 
characteristics, but were sufficiently 
different to enable him to separate 
them. 

The easiest method for producing 
chromium boride is apparently the 
thermite process, first applied by Wede- 
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FIG 1 (top)—Chromium boride crystals. (Aluminum thermite.) Pct Boron = 18.0. 
FIG 2 (center)—Chromium boride crystals. (Carbon and silicon reduction.) Pct Boron = 14.1. 
FIG 3 (bottom)—Chromium boride crystals. (Electrolysis.) Pet Boron = 13.2. 


kind and Fetzer. The commercial 
product, manufactured in the United 
States, is also made by thermite 
processes,!! involving a simultaneous 
reduction of boric anhydride and chro- 
mium oxide CrO;. A purer product is 
obtainable by the electrolysis of fused 
borate baths described by Andrieux.'® 

X ray diffraction studies have been 
made in the present investigation of 
chromium borides produced by: 

1. Aluminum thermite reduction of 
B,O; and CrQ3. 

2. Carbon and silicon reduction of 
B.03, and CrO3. ; 

3. Electrolysis of fused borate baths. 

Samples having widely different com- 
positions were checked in the boron 
content range of 12 to 20 pct. This 
range would include both the compo- 
sitions Cr3;B; and CrB. The X ray 
diffraction patterns, taken on a Philips 
Norelco Recorder and using Cu (Kaz) 
radiation, were substantially identical 
over the entire range. Typical patterns 
are given in Fig 1, 2, and 3, and the 
analyses of the samples are given in 
the next column. 
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Chro- 
fate mium Chro- 
Bond Boride mium 
ride . 
Prodaced Produced|_ Boride 
by Car- | Produced 
by Alum- y 
bad bon and | by Elec- 
Thermite, pee eobee 
Pet tion, Pct 
Chromium..... 76.12 LONao 82.0 
Boron taro. 18.0 14.1 13.2 
Tron io) 5 1: 0.52 PPAL 
Aluminum..... 2.14 
Carbon.i~.).0. 4 0.03 1.86 YT, 
Silicon 0.44 4,23 
Calcium, ....... 2.36 0.4 
Magnesium.... 0.06 
97.25 95.17 97.3 


In Fig 3 it will be noted that a 
strong peak appears at 26.6° which 
is found relatively weaker in Fig 2. 
This line reflects the presence of graph- 
ite impurities. 

The conclusion has been drawn that 
a single phase exists over this entire 
range, and that this is true regardless 
of method of fabrication. A single 
compound exists in this range, and its 
structure is maintained in adjacent 
nonstoichiometric compositions. This 
compound has, apparently, a so-called 
“‘subtractional”’ lattice, that is, it can 


lose some boron without affecting its 
crystal structure. This is a consequence 
of the small size of the boron atom 
relative to the chromium atom. This 
has led to the conclusion that there is 
only one compound of chromium bo- 
ride, within the compositions indicated, 
and that it corresponds to the formula 
CrB. 

An investigation is presently being 
made of the actual crystal structure of 
the compound CrB. This is being car- 
ried out by Mr. A. J. Frueh, Jr., at the 
Massachusetts Institute of Technology, 
and while this is not yet complete, the 
author, through the kindness of Mr. 
Frueh, is privileged to be able to pre- 
sent some data on this structure. 
The structure of CrB is orthorhom- 
bic, and its unit cell has the following 
dimensions: 


a = 2.95 A.U. 
b = 7.80 A.U. 
ce = 2.93 A.U. 


This cell contains four molecules of 
chromium boride, which is in accord 
with its measured density, as reported 
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in a subsequent paragraph. The four 
chromium atoms have the following 
coordinates: 


x y z 

0 0.145 0.25 
0 0.855 0.75 
0.5 0.645 0.25 
0.5 0.355 0.75 


The positions of the boron atoms have 
not yet been determined exactly, but 
this problem is presently under study 
and will be published by Mr. Frueh 
when his investigation is completed. 

It is of interest at this point to recall 
that Hagg"” in his study of phases of 
transition elements in binary systems 
with boron, carbon and nitrogen, drew 
certain general conclusions regarding 
the structure of such phases. He pre- 
dicted that the structure could only be 
a relatively close-packed one if the 
ratio of the diameter of the transition 
element atom to that of the interstitial 
atom was in excess of 1.7. In the case 
of chromium boride, this ratio is be- 
tween 1.6 and 1.4 in consideration of 
the indefinite knowledge of the diam- 
eter of the boron atom. Since the struc- 
ture of chromium boride determined by 
Mr. Frueh is not a close-packed one, 
this compound apparently behaves in 
accordance with Hagg’s rule. 

Various investigators have reported 
that chromium boride is relatively 
slowly attacked by acids. Their results 
vary to some degree, but this is believed 
to be the consequence of varying im- 
purity contents. In this investigation it 
was noted that hydrochloric, sulphuric, 
hydrofluoric and perchloric acids at- 
tack it only slowly. The only one of 
these capable of dissolving it com- 
pletely is perchloric acid. Nitric acid 
attacks it almost negligibly and when 
dilute can be considered, effectively, to 
fail to attack it at all. Fused sodium 
peroxide dissolves it completely, as do 
nitrate-carbonate mixtures. 

Densities varying from 5.4 to 6.7 g 
per cc have been reported for chro- 
mium boride. None of these investiga- 
tors reported the conditions, other than 
temperature, under which the determi- 
nation was made. Depending upon 
composition, the densities noted in the 
present study were in the range 6.15 to 
6.20 g per cc at 18°C, taken in ethyl 
benzene by the standard pycnometric 
method. 

The hardness of chromium boride 
has previously been reported to be 
about 8.5 on Moh’s scale.1° 
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FIG 4—Schematic diagram of hot pressing. 


PRESSING AND SINTERING 


Attempts to cold press compacts of 
chromium boride and a binder when 
the boride content exceeded 75 pct 
were effectively unsuccessful. Com- 
pacts could be obtained but the re- 
sultant body, after sintering up to 
1500°C in H2, showed densities which 
were low and the attendant physical 
properties suffered. This is considered 
to be a direct result of the high hard- 
ness and negligible room temperature 
plasticity of the chromium boride. At 
an early stage in the work, cold press- 
ing and sintering were abandoned in 
favor of hot pressing. When hot press- 
ing was carried out at temperatures 
sufficiently high to melt the binder 
employed, highly dense bodies resulted 
having interesting properties. 

The hot pressing method used is 
illustrated diagrammatically in Fig 4. 
A high current was passed through the 
graphite die proper, and the heat so 
generated plus heating occurring as a 
consequence of current passing through 
the work itself made it possible to raise 
the temperature to 1500°C in approxi- 
mately 1-2 min. When the temperature 
was reached at which pressing was to 
occur, the current was stopped and 
pressing accomplished by hydraulic 
means. No provision for atmosphere 
was made, and the carbonaceous at- 
mosphere within the die and the short 
times involved made it possible to 
avoid any indication of oxidation. The 
pressure was uniformly held at 1 tsi. 

The most effective binder employed 
proved to be nickel, and the writer will 
limit himself to mixtures of 85 pet chro- 


mium boride, 15 pct nickel, for the pur- 
pose of showing the effects of certain 
parameters. A comparison with other 
binders will be made in a latter part of 
this paper. 

The chromium boride powder used - 
throughout the following experiments 
was that produced by aluminum 
thermite reduction, the analysis of 
which has already been given. The 
nickel powder was spectrographically 
analyzed to be 99.6+ pct nickel, with 
small impurities, as follows: 


Pct 
bys): eer kre ortrecis cy EOI OOO 0.22 
VA ORES, Eee MERIC ce aoe te ie ee 
Gopperiiie 2 iiaaice oie cce ae ee eeae : 
cod ke ie ee 0.025 
Sulphur. 54 Soccccewies is eke sake nee enereteie te tete 0.021 


The chromium boride powder was 
first ball milled to a given particle size 
in either a stainless steel or tungsten 
carbide-lined mill. The latter type was 
employed only where the particle size 
desired required milling times which 
resulted in excessive pick-up of mate- 
rial from the stainless steel mill. The 
ball milling medium was distilled water. 
The balls, in each case, were of the 
same material as the liner. The fine 
powder was then ball milled again, to 
mix it with the binder. Water again was 
the medium employed. After drying 
the powder with alcohol, the powder 
mix was ready for hot pressing. 

The powders were pressed into a 
flat bar shape 1 in. X 0.375 in. X ap- 
proximately 0.200 in. thick. This shape 
specimen lent itself readily to trans- 
verse rupture testing where the span 
was %@ in. and the load was applied 
at the center of the bar and span by 
means of a 10 mm Brinell ball. This 
test was the main evaluation method 
for room temperature properties. 

The effect of particle size and tem- 
perature of pressing proved to be 
interrelated and interesting. For any 
given particle size, an optimum tem- 
perature of pressing was noted. 

The optimum pressing temperature 
was lower with each reduction in par- 
ticle size, although this effect became 
almost negligible once the particle size 
was down to 3 to 5 microns. 

Optimum conditions applied when 
the particle size was reduced to 3 to 5 
microns, and the temperature of press- 
ing, as measured optically on the ex- 
terior of the graphite die, was 1300°C. - 
It is estimated that this corresponded 
to 1550°C inside the die. Under these 
conditions the Modulus of Rupture was 
found to be circa 120,000 psi, and the 
hardness averaged 89 on the Rockwell 
A scale. Fig 5 shows the effect of tem- 
perature of pressing, under the condi- 
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FIG 5—Effect of pressing temperature on 
Modulus of Rupture. 15 pct nickel binder. 


tions indicated above, on the Modulus 
of Rupture. 

Decreasing the particle size further, 
to a point where it fell between 1 and 2 
microns resulted in increased hardness 
values, that is, 90-91 Rockwell A, but 
resulted in a decreased Modulus of 
Rupture optimum. This value fell to 
85,000 psi. 

Increasing the particle size, or the 
use of particle size distribution having 
higher average particle size, resulted 
in decreasing the Modulus of Rupture 
as well as the hardness. 

The density of a cast 85/15 chro- 
mium boride/nickel alloy was measured 
as 6.17 g per cc and the densities ob- 
tained by hot pressing the 3-5 micron 
powder and 1-2 micron powder, as 
described above, proved to be circa 
5.90 g per cc, so that densities of the 
order of 96 pct were achieved. 

The effect of the use of binders other 
than nickel is best indicated by the 
following table, in which the optimum 
Modulus of Rupture obtained is indi- 
cated as well as hardness. The particle 
size employed was 3-5 microns in all 
cases, and the composition was 85 pct 
chromium boride, balance binder. 

A typical micrograph of a nickel 
bound specimen is shown in Fig 6. 


HIGH TEMPERATURE TESTING 


The following tests have been made 
to indicate the behavior of this mate- 
rial at high temperatures: 

1. Hot hardness (70 pet CrB, 30 pct 
Ni). 

2. Stress rupture. 

3. Corrosion in air. 

The hot hardness tests were made in 
an atmosphere of N2 in a furnace 
specially designed by E. C. Bishop and 
M. Cohen.!? While the tests were made 
on a slightly different composition than 
is presently believed to be an optimum, 
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FIG 6—Chromium boride/nickel, 85/15. Etchant: 4 pct Picral. 500 


Table 1... Optimum Results of 
Chromium Boride Sintered with 
Different Binders (85/15) 


the effect of the use of the 85/15 would 
have merely translated the curve given 
in Fig 7 upwards about one point on 
the hardness scale. 


a Modulus | Hard- Stress-rupture tests on the 85/15 
inder of Rupture | ness 1 «3 ¥ 
(psi) Ra composition were carried out at the 
Battelle Memorial Institute, and the 
Nickel: copper (70-30) 3 OE Re ee results of the tests are given graphically 
Ciena hrominm (or-49)---| *gar000 | 90.5 2 Fig 8. The hot strength, if taken at 
the 1000 hr point, is of the order of one 
100 
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FIG 7—Hardness variation with temperature. 
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FIG 8—Stress vs. rupture time curves for nickel-bonded chromium boride. 


quarter that of cast Vitallium. (Vital- 
lium composition: 0.2 C, 28 Cr, 2.5 
Ni, 62 Co, 5.5 Mo, 1 Fe.) 

Table 2 gives typical results ob- 
tained when the 85/15 CrB/Ni mate- 
rial was tested in air for corrosion. 

It was in the above corrosion tests 
that a serious limitation of this par- 
ticular material was noted. It can be 
seen that there are indications of a 
liquid phase forming at about 1900°F 
(1038°C). This liquid phase is caused 
by the development of less refractory 
nickel borides and systems of these. 
Their formation limits the use of this 
material to a maximum temperature of 
about 1750°F (954°C). There can be 
no question that the formation of these 
lower melting point constituents also 
influenced the observed strength at 
1500° and 1600°F (816° and 871°C). 
Their formation, however, indicated 
that further work needs to be done to 
fabricate a material on similar princi- 
ples in which such a phenomenon will 
be absent. This work is in progress. 


Summary 


It has been determined that only one 
chromium boride compound exists in 
the range 12 pct to 20 pct boron con- 
tent, instead of two, as had previously 
been reported. 

The composition of the above com- 
pound is postulated to be CrB, and its 
structure is reported to be orthorhom- 
bic. The dimensions of the unit cell are 
given as well as the coordinates of the 
chromium atom. 


202 .. . METALS TRANSACTIONS 


Table 2... Air Corrosion Tests on Chromium Boride/Nickel 85/15 


Temperature 
Material and Atmos- Time Remark 
Sample No. phere hr s 
oF CG 
85/15 CrB-Ni 
1 1525 830 air 48 No reportable change 
2 1600 871 air 48 No reportable change 
3 1725 940 air 48 Slight green oxide coat 
4 1850 1010 air 48 ~ | Slight green oxide coat 
5) 1900 1038 air 48 Initial indication of liquid phase at surface. 
Hardness drop from RA 88.5 to 80. No 
grain size change 
6 2050 1121 air 48 Dark coating formed; distortion. 


New data regarding the properties of 
this boride are presented. 

Experimental results are given of an 
investigation of the pressing and sinter- 
ing of chromium boride with nickel as a 
binder. A Modulus of Rupture of 
120,000 psi is reported for such mate- 
rial when hot pressed. 

Data are given regarding the high 
temperature strength and corrosion 
resistance of the above material. The 
hot strength at 1500°F (816°C) is of the 
order of one quarter that of cast 
Vitallium. The formation of a liquid 
phase at about 1900°F (1038°C) is 
noted, and a limitation of use tempera- 
ture is set at 1750°F (954°C). 
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Grain Coarsening in Copper 


PAUL A. BECK,* Member AIME, JOHN TOWERS, JR.,* and PHILIP R. SPERRY* 


Daunu and Pawlek! found that elec- 
trolytic copper develops extremely 
coarse grains at 1000°C after about 90 
pet reduction by rolling. This coarsen- 
ing occurs only under conditions of 
penultimate grain size, deformation, 
and alloying which lead to the “‘cube”’ 
recrystallization texture.!:2:3.5 The pe- 
culiar angular shapes and_ straight 
grain boundaries of the coarse grains 
were noted by several investigators.!:4. 

On the other hand, coarsening in 
Fe-containing aluminum or in Al-Mn 
alloys® does not depend on a “cube” 
(or any well developed) recrystalliza- 
tion texture. It is true that increasing 
deformation by rolling, and, therefore, 
an increasingly well developed re- 
crystallization texture, are associated 
with decreasing incubation periods of 
coarsening.®7.8 Nevertheless, coarsen- 
ing readily develops in aluminum even 
after only 30 pet reduction by rolling, 
where the recrystallization texture is 
very weak.®.8 Also, coarsening was ob- 
served by Jeffries? many years ago in 
sintered thoriated tungsten, which 
presumably has no preferred orienta- 
tion. In all these cases coarsening is 
associated with grain growth inhibition 
by a dispersed second phase.*:* The 
annealing temperature has to be suffi- 
ciently high to overcome the inhibition 
at a few locations. But if it is too high, 
growth starts at many points, and the 
resulting grain size becomes much 
smaller.? Normally, the coarse grains 
are more or less equiaxed, and the 
boundaries have a _ typical ragged 
appearance.» 

Cook and Macquarie* demonstrated 
that, in addition to the texture-de- 
pendent coarsening previously found at 
1000°C,! electrolytic tough pitch cop- 
per may also coarsen at 800°C after 
50 pct reduction by cross rolling. The 
coarse grains formed under such condi- 
tions have rounded shapes and ragged 
boundaries, like those in aluminum. 
When the annealing temperature is 
higher, the tendency for their forma- 
tion decreases. All these observations 
suggest that the coarsening at 800°C is 
associated with inhibition by a second 
phase. Actually, coarsening at 800°C 
after 50 pct reduction by cross rolling 
was observed only in tough pitch cop- 
per,‘ which contains Cu,0 particles. 
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On the other hand, the texture-de- 
pendent 1000°C coarsening occurs in 
both tough pitch and oxygen-free cop- 
per;‘ it does not appear to depend on 
the presence of a dispersed second 
phase. However, the interpretation of 
the 800°C coarsening in Cu after 50 pct 
rolling as an_ inhibition-dependent 
process, similar to the coarsening in 
Al-Mn alloys, is somewhat weakened 
by the fact that this coarsening was 
reported‘ to occur only after cross roll- 
ing, and not after straight rolling. It 
was, therefore, decided to re-examine 
this question. 

A 1 in. diam electrolytic tough pitch 
copper rod, No. 2 hard drawn, was 
annealed for 20 min at 700°C, rolled to 
0.5 in., annealed 10 min at 700°C, and 
straight rolled to 0.064 in. It was then 
given a penultimate anneal of 20 min at 
500°C and it was cut into four sections, 
which were given final reductions by 
straight rolling as follows: 


A 30 pct reduction of area 
B 50 pct reduction of area 
C 70 pct reduction of area 
D 90 pct reduction of area 


Specimens cut from the four sections 
were finally annealed at 800°C in an 
oxidizing atmosphere. Strip A _ re- 
mained fine grained up to 10 hr, but the 
specimen annealed 12 hr consisted of 
only 2 large grains. Strip B had a few 
scattered large (14 to 34 mm) grains 
after 1 min, although the balance of the 


specimen consisted of fine grains of. 


about 0.02 mm. After 5 min there were 
several 10 to 15 mm grains present, and 
after 1 hr strip B was completely 
coarsened. The coarse grains had the 
same characteristics (see Fig 1) as those 
obtained by Cook and Macquarie at 
800°C after cross rolling. Strip C had 
several grains of 0.05 to 1 mm after 1 
min, but it was still largely fine grained 
after 12 hr. After 48 hr it consisted 
entirely of grains of about 0.5 to 4mm, 
with an extraordinarily large number 
of twin bands. Strip D remained com- 
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FIG 1—Tough pitch copper after final 
rolling of 50 pct (strip B) and final anneal of 
1 hr at 800°C. The coarse grains have rounded 
shapes and ragged boundaries. Numerous 
small twins are entirely surrounded by coarse 
grains. Magnification 5 X. (Reduced ap- 
proximately one-half.) 


FIG 2—Same copper as in Fig 1, after final 
rolling of 90 pct (strip D) and final anneal 
of 25 min at 1000°C. The appearance of 
this structure is dominated by the charac- 
teristically long, straight (twin) boundaries. 
Magnification 5 X. (Reduced approximate- 
ly one-half.) 


pletely fine grained after 4 hr at 800°C. 
These results indicate that, in the de- 
formation range of 30 to 70 pct reduc- 
tion, the incubation period for coarsen- 
ing as well as the rate of growth and the 
final size of the coarse grains decreases 
with increasing deformation. Similar 
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relations were observed in the ‘‘inhibi- 
tion-dependent coarsening” of Al alloys 
containing a dispersed phase. However, 
the behavior of the 90 pct rolled copper 
strip, which has a cube recrystallization 
texture, is different. Up to 4 hr it does 
not coarsen at all at 800°C. It coarsens 
at 1000°C in 3 to 6 min, in a manner 
typical of “texture-dependent coarsen- 
ing” (Fig 2). 

It may be concluded that coarsening 
at 800°C, after 30 to 70 pct reduction 
by rolling, may develop in straight 
rolled as well as in cross rolled tough 
pitch copper. This confirms the view 
that coarsening in Cu,.O-containing 
copper after 30 to 70 pct rolling is 
analogous to the coarsening in alumi- 


CYRIL STANLEY SMITH, Member AIME 


THE partial persistence of grain size 
and grain shape on melting and re- 
solidifying crystalline substances, as 
well as the general effects of pre-solidifi- 
cation and of superheating on nuclea- 
tion rate, have been attributed to the 
presence in the liquid of crystalline im- 
purities bearing some structural rela- 
tion to the principal solid and hence 
capable of serving as nuclei for its crys- 
tallization. That such lattice match- 
ing does sometimes occur is well 
established, but it is surely improbable 
that a compound possessing both high- 
temperature stability and the requisite 
structural similarity should be natur- 
ally available in almost every system. 

It is now suggested that a mechanism 
for producing appropriate nuclei exists 
in the crystallization of all but abso- 
lutely pure substances. Impurities can 
be of many kinds. Some will give rise 
to compounds that are less soluble in 
the solid crystal than in the liquid. A 
crystal forming from a melt or solution 
containing these will be supersaturated 
in some degree, and the foreign atoms 
will commence to segregate during or 
after solidification. They do not neces- 
sarily form pure, unstrained, crystals of 
the precipitating compound with its 
normal composition and_ structure. 
Generally—at least in the metallurgical 
examples that have been most studied 
—the first recognizable nuclei have 
lattice coherency with the surrounding 
matrix and have practically the same 
crystal structure and lattice spacing as 
the material in which they form, differ- 
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num containing dispersed particles of a 
second phase. 
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satisfies the joint requirements of 
availability, affinity, and appropriate 
average atom size. Of these, many will 
disappear on melting, but a few will 
persist unmelted as little rafts of com- 
plex composition, maintaining in the 
liquid a surface of the exact geometry 
needed to nucleate the solid on subse- 
quent cooling. Their number and size 
distribution will determine the result- 
ing grain size; the dimensions of the 
largest will determine the degree of 
undercooling that can occur before 


solidification commences. 


A similar process may operate in the 
case of phase transformations in solids. 
The coherent precipitation of super- 
saturated minor constituents in a low- 
temperature phase should facilitate the 
nucleation of this phase on subsequent 
cooling after transforming into another 
phase at higher temperatures. 

At first sight this hypothesis may 
seem little different from the older ones. 
It should therefore be emphasized that 
it does not depend on chance to provide 
the right compound to form a nucleus, 
but postulates that every crystal, con- 
taining minute amounts of any of a 
wide range of impurities, automatically 
engenders particles having the correct 
surface structure to serve as nuclei for 
subsequent solidification. It could op- 
erate in any system, metallic, organic, 
or inorganic. The suggested mechanism 
is closely analogous to the production 
of antibodies from antigens in living 
organisms—indeed, it was a description 
of the matrix theory of this process that 
suggested to the writer its crystalline 
analogue. 
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The Recovery of Cadmium from 
Cadmium-copper Preeipitate. 
Electrolytic Zine Co. of | 
Australasia. Risdon. 


G. H. ANDERSON* 


CADMIUM-COPPER precipitate, a by- 
product of the purification stage of 
the zinc plant, is composed mainly of 
zinc, cadmium and copper in varying 
amounts depending on the efficiency 
of precipitation and the cadmium and 
copper contents of the impure solution 
treated. 

The composition range is approxi- 
mately: cadmium 10-12 pct, copper 
6-8 pct, and zinc 30-35 pct. As received 
at the cadmium plant, the precipitate 
is a dark gray to black press cake pro- 
duced by filter pressing the flocculent 
cadmium-copper precipitate formed 
when impure zinc solution is agitated 
with zinc dust. 

The details of the cadmium-copper 
precipitation are to be found in the 
paper ‘Electrolytic Zinc at Risdon, 
Tasmania,’ by W. C. Snow. Transac- 
tions AIME, 121, 501. 

The treatment, in addition to re- 
covering cadmium as metal, yields a 
copper product as a residue for realiza- 
tion and recovers in solution for return 
to the zinc plant, the excess of zinc dust 
used during purification. 

The recovery of cadmium metal is 
approximately 200 tons} per year, but, 
with the amount of copper residue 


+ Throughout this paper the long ton of 2240 
Ib and the Imperial gallon are used. 
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Tasmania 


recovered, varies with the zinc produc- 
tion tonnage, composition of the origi- 
nal concentrates, degree of roasting and 
other operational factors. 

The operations involved in the re- 
covery of the foregoing materials are 
carried out in a building adjacent to the 
purification section of the zinc plant 
and can best be described by dividing 
the process into the following stages: 

1. Oxidation and Grinding of the 
cadmium-copper precipitate. 

2. Leaching and Filtering. 

3. Precipitation of cadmium. 

4, Oxidation and Grinding of the 
precipitated cadmium. 

5. Leaching oxidized cadmium pre- 
cipitate and Purification of leach 
solution. 

6. Electrolysis. 

7. Melting, Casting and Packing. 

A feature of the process is the use of 
two distinct solution circuits. Spent 
electrolyte from the zinc plant circuit 
containing about 10 pct sulphuric acid 
is used as the primary solvent of the 
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cadmium and zinc present in the oxi- 
dized precipitate. When the cadmium 
is later separated by precipitation and 
filtering, the filtrate, originally zinc 
plant spent electrolyte and now forti- 
fied in zinc, is returned to the zinc 
plant. 

The precipitated cadmium, after 
oxidation, is redissolved in spent elec- 
trolyte from cadmium electrolysis 
which solution is in closed circuit within 
the cadmium plant except for discards 
to the zinc plant circuit as mentioned 
in Section 5 hereinafter. (Fig 1.) 

Details of the various operations 
follow. 


1. Oxidation and Grinding 
of the Cadmium-copper 
Precipitate 


The precipitate having had a pre- 
liminary drying by compressed air in 
Dehne filter presses in the zinc plant 
is trucked to a storage platform of 
sufficient length to store 3 to 4 days’ 
production separately. 

After 48 hr exposure to atmosphere, 
oxidation is sufficient to enable all cad- 
mium and zinc but only a portion of the 
copper to be dissolved in dilute sul- 
phuric acid. 

The oxidized precipitate is shovelled 
into trucks and, after weighing and 
sampling, is broken in size by means of 
. 205 
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PRECIPITATE FROM 


ZINC PLANT 


CD CU PRECIPITATE STORAGE 


UNDERF LOW 


COPPER RESIDUE 
FOR REALISATION 


SPENT TANKS 


CD SPENT 


CD SHEETS 


ROSIN 


ROSIN DISTILLATE 


right and left handed blades rotating in 
a shallow mild steel trough. 

' Return solution (see Stage 3) is 
added to form a pulp which passes to a 
tube mill 5 ft long and 3 ft diam having 
cast steel liners and loaded with flint 
pebbles. 

The use of return solution is re- 
stricted to produce a thick pulp which 
is elevated to a wooden storage tank 
of 3200 gal capacity and provided with 
air agitation. 
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FIG 1—Flowsheet. 
2. Leaching and Filtering 


Leaching is carried out in a wooden 
tank of approximately 14,000 gal 
capacity, having a conical bottom and 
provided with both mechanical and air 
agitation. 

Discharge is through a plug cock but, 
in addition, the tank has a side dis- 
charge to which is fitted, inside the 


OXIDISING HEARTH 
BALL MILL 


UNOXIDISED CD PPTE 


SOLIDS 


BERDAN PAN 


SLIME 


TO ZINC PLANT ROASTING 


tank, an armored rubber hose for de- 
canting clear solution after settlement 
of the solids. 

The tank is covered and ventilated to 
atmosphere. Approximately 7000-8000 
gal of zinc plant spent electrolyte 
containing 90-95 g sulphuric acid and 
45-50 g zinc per liter are run into the 
leaching tank and after agitation is 
started the ground cadmium-copper 
precipitate is charged until the acidity 
of the solution falls to 5-6 g sulphuric 


MARCH 1949 


acid per liter. Agitation is continued 
for another 5-6 hr by which time the 
acidity is reduced to 1-2 g sulphuric 
acid per liter, then ground limestone is 
added slowly until a pH 3-4 is reached. 

Approximately 30 min. later a sam- 
ple is taken, tested for copper and the 
calculated quantity of zinc dust re- 
quired to remove copper in excess of 
0.5 g per liter, is added. (See Appendix 
1.) 

The zine dust containing 45-50 pct 
of minus 250 mesh material, used in 
this and other stages of the recovery of 
cadmium, is produced at Risdon by 
atomizing molten high grade zinc with 
compressed air at 200 psi pressure. 

Control of the copper content of the 
solution is important, and is considered 
to have three distinct advantages. 

First, its subsequent precipitation 
with the cadmium in Stage 3 prevents 
coagulation of the cadmium into 
metallic balls and facilitates filtering; 
second, during the cadmium circuit 
leach (Section 5) arsenic is precipitated 
or otherwise eliminated, and third, its 
presence insures a minimum of zinc 
and cadmium in the copper residue. 

If no copper is in the leach solution, 
sufficient sulphated copper residue is 
added_to give the desired content. 
Sulphated copper residue is made by 
mixing copper residue and sulphuric 
acid and storing in heaps for one or two 
days. 

Approximately 30 min. after the ad- 
dition of the calculated amount of zinc 
dust, a further test is taken to deter- 
mine copper in solution, and if neces- 
sary further additions of zinc dust are 
made. 

Agitation is continued for another 
hour after which solids are allowed to 
settle for 3 to 4 hr when clear solution 
is decanted and pumped to the cad- 
mium precipitating tank. (See Sec- 
tion 3.) 

The remaining pulp is agitated, air 
lifted to a wooden storage tank and 
filtered in a small Moore filter unit. 

A cake of about 14 in. thickness is 
formed in 20 min. and washed with 
water until relatively free of zinc and 
cadmium. 

The filtrate and washings are pumped 
by wet vacuum pumps to the cadmium 
precipitation tank containing the de- 
canted leach solution. The filter cake is 
discharged to a hopper and fed to an oil 
fired rotary drier 15 ft long and 3 ft 9 
in. diam consisting of a mild steel shell 
lined with 10 ga stainless steel sheet 
and fitted with suitable angle lifters. 

The dried copper residue is bagged 
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for shipment to a copper refinery at 
Port Kembla in New South Wales. 


Metallurgical and 
Operating Data 


Average figures for year ending June 
30, 1948. 
CADMIUM-COPPER PRECIPITATE 


6.85 tons treated per day. 


ASSAY 

(Si. co niced fit to ne oe eee 10.85 per cent 
(CXT aoe 5 OC LS Oo OnE Renae 6.7 per cent 
JR's Berea CORREO Ee 33.6 per cent 
Pee PE Niele hrarecie's, Saiea Mamaetinss 0.6 per cent 

INF Seat EO Ae eR TE 2.30 oz per ton. 


98.7 per cent 
68.5 per cent 


RERCHEGE. See. carly ca aya veri 269 |b 
Limestone used per ton ppte. 
heached! se canoes 25 


Ib 
Copper residue factor.......... 12.8 per cent 
Copper residue made per filter 
Cake) j[o8 caine te cs< wee 921 Ib 


Wash displacement............ 


COPPER RESIDUE ASSAY 


Cl Bere aerate era oc Sac 46.5 per cent 


(Of WE rar oto ao oo Gans 1.07 per cent 
LD estes Sis Sak 5.85 per cent 
Ph essen cea eee ee 6.0 per cent 
Aes ress sidsacenvets Galerie to 18 oz per ton. 


3. Precipitation of Cadmium 


The precipitation tank is identical 
in construction to the leach tank previ- 
ously described except that no decanta- 
tion hose is fitted and air agitation is 
not provided. 

To the decanted solution, filtrate, 
and washings derived from the 8000 
gal leaching operation described in 
Section 2 about 600 lb of zinc dust is 
added after agitation has commenced. 
Filtered samples of the solution are 
tested with hydrogen sulphide from 
time to time and further smaller addi- 
tions of zinc dust are made until only 
a trace of cadmium remains. 

Approximately 45-60 min. later, if a 
similar test indicates a satisfactory 
cadmium content, the pulp is filtered 
in two 27 in. Dehne filter presses and 
the filtrate, known as “‘Return Solu- 
tion,” after by-passing for a few min- 
utes, passes to a storage tank prior to 
its return to the zinc plant circuit for 
the recovery of its zinc and cadmium 
contents. 

When the filter presses are full of 
precipitate, pumping is stopped and a 
water wash given until a specific grav- 
ity of 1.025 shows that the precipitate is 
almost free of zinc sulphate. 

After drying with compressed air the 
washed precipitate is discharged to 
hoppers over a drying and oxidizing 
hearth. 


Metallurgical and 
Operating Data 


Average figures for year ending June 
30, 1948. 


Aine aust: eficiency... ..2s sods... « 58.1 pct 
Cadmium in return solution 1.08 rol 


4. Oxidation and Grinding of 
the Precipitated Cadmium 


The oxidizing hearth is of brick con- 
struction with a hearth of cast iron 
plates. approximately 11 by 9 ft 
mounted so that gases from an oil 
burner first pass under the hearth and 
then over the precipitate which, when 
dropped from the hoppers above, is 
raked evenly over the hearth to a 
depth of 4 to 6 in. 

As the precipitate oxidizes readily, a 
maximum gas temperature of 300°C is 
set at the rising flue from under the 
hearth to above the charge but rarely 
is this limit necessary. Hand rabbling 
proceeds at intervals until the color of 
the precipitate indicates that oxidation 
is complete, at which stage the material 
is discharged by hand rakes to a venti- 
lated hopper from which the precipi- 
tate is screw fed to a mild steel ball mill 
4 ft long and 2 ft 6 in. diam loaded with 
1% and % in. steel balls. Cadmium 
cell feed solution is added to produce 
a reasonably thick mill discharge which 
is stored in a wooden tank ready for air 
lifting to the leach tank (Stage 5) when 
required. 

For ventilation purposes, a fan han- 
dling 10,000-15,000 cfpm is connected 
to the hood over the oxidized precipi- 
tate hopper and to a hood over the 
mill feed screw discharge point. The 
dust laden air is delivered to the base 
of a water irrigated wooden scrub- 
bing tower mounted over a concrete 
sump from which the water is recircu- 
lated by means of a pump while the 
settled pulp is withdrawn at inter- 
vals and pumped to the leach tank 
(Stage 5). 


Metallurgical and 
Operating Data 


Average figures for year ending 
June 30, 1948. 


CADMIUM PRECIPITATE 
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o. Leaching and 
Purification 


Variations in the sulphuric acid con- 
tent of the leach solution are made from 
time to time in order to hold both the 
cadmium content and the volume of the 
cell feed circuit reasonably constant. 

If both are about normal, leaching is 
done with normal cadmium cell spent 
electrolyte but if the cadmium content 
is low, the cell spent electrolyte is 
fortified 10 to 20 g sulphuric acid per 
liter. If the volume needs increasing, 
approximately 600 gal of spent elec- 
trolyte are supplemented with 800 gal 
of water and the whole acidified to 150 
g sulphuric acid per liter. 

In all cases the volume is 1400 to 
1500 gal, and the subsequent leaching 
operation is the same. 

Leaching of the ground cadmium pre- 
cipitate pulp is carried out in a me- 
chanically agitated lead lined tank, 
having a working capacity of 2400 gal 
and ventilated by the suction fan 
mentioned in Stage 4. 

The desired volume of leaching solu- 
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FIG 2—Cell room. 


tion having been run to the leach tank, 
pulp from the storage tank is charged 
until the acidity of the solution is ap- 
proximately, but not less than 10 g 
sulphuric acid per liter. 

A sample of the pulp is filtered and 
tested for copper by the sodium-sul- 
phide method (see Appendix 2) and if 
an excessive amount of copper is 
present, it is reduced by the addition of 
unoxidized cadmium precipitate. 

Leaching is continued until the 
acidity is reduced to 1-2 g sulphuric 
acid per liter when tests are made for 
copper and arsenic (Gutzeit’s Test) and 
if present, more unoxidized precipitate 
is added. Agitation is continued for 1 
hr after copper and arsenic have been 
reduced to 0.5 and 0.1 mg per liter 
respectively and if, after neutralizing 
with hydrated lime, a further test for 
arsenic is found satisfactory, the pulp 
is pumped to a Kroog filter press fitted 
with 36 by 36 by 1 in. thick frames 
and plates. 

The filtrate is bypassed to the leach 
tank until free from solid particles as 
indicated by filtering 500 cc through 
filter paper and when clarity is satis- 


factory the filtrate is diverted to one of 
two lead lined wooden storage tanks 
each of 3200 gal capacity, where, if 
necessary, water is added to reduce 
cadmium to the desired content of 150 
g per liter. 

By discarding spent electrolyte to the 
original cadmium-copper precipitate 
leach and rebuilding the circuit with 
fortified spent electrolyte and water 
leaches the impurities are controlled to 
30-40 g zinc, 0.7-0.8 g iron and 30-35 
mgm chlorine per liter. 

The residue collected in the Kroog 
press ‘during filtering of the cadmium 
leach pulp, is returned to the cadmium- 
copper precipitate mixer (Stage 1). 
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Average figures for the year ending 
June 30, 1948. 


cadmium in ppte. by leaching........... 2 
Cadmium extraction from total cadmium 
in ppte. by leaching...............0.0. 89.2 
Cadmium leach residue factor............ 25.8 
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Sulphuric acid used per ton cad- 
mium dissolved. . 


' Zine dust used per ‘ton cadmium bee 
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Hydrated lime used per ton cad- 
mium dissolved.............., 56.3 Ib 
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eS Ssh ere) ='0)-4: a)\e6) st etelieites ¢, Soars se: 0 Re 0.82 mgpl 
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6. Electrolysis 


The cell room contains 20 cells ar- 
ranged in five rows of four cells, each 
of which is of 3 in. timber, lined first 
with 8 lb lead and then with 2 in. of a 
40 pct sulphur—60 pct sand mixture 
which has given good service as only 2 
linings have failed in 25 yr. Internal 
dimensions of the cells, which have a 
volume of 208 gal, are 5 ft square and 
2 ft 6 in. deep while the cross-section is 
semioctagonal. 

The lead of the 10 half-round, 23 in. 
radius anodes contains 0.01 pct silver 
to give added rigidity and extend the 
4 yr life to 5 yr. 

Mounted on a 3 in. diam mild steel 
shaft and separated at 514 in. spacing 
by rubber covered aluminum sleeves 
are 9 aluminum cathodes, 4 ft diam and 
14 in. thick, each of which has a sub- 
merged surface area of 8 sq ft and 
lasts 7 to 8 yr. To enable the stripped 
cadmium sheet to be readily broken 
into four conveniently sized quadrants, 
each side of the cathode is radially 
grooved at 90° spacing to a depth of 
1g, in. Before assembly, each cathode 
is given a matte surface by scrubbing 
with a steel wire brush and sandstone. 

Once each year the cathode assembly 
is dismantled, inspected, cleaned and, if 
necessary, faulty parts replaced. 

Cathodes are rotated at 10 rpm by 
suitably driven link chains through 
gearing from which the cathode assem- 
bly may be disengaged without stopping 
the driving mechanism. Electrically the 
cells are arranged in series and current 
is supplied by two motor driven parallel 
connected generators rotating at 960 
rpm and each capable of supplying 650 
amp over a range of 25 to 70 volts. 

Anode bus bars of 114 in. square 
copper are arranged to give the anode 
head bars an edge contact and between 
adjacent cells is a hinged section for 
short circuiting a cell when cathode 
assemblies are removed for stripping. 

The series circuit is made complete 
by means of a 9 in. diam brass collector 
keyed to the cathode shaft and con- 
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tacting brushes connected by copper 
cable to the following anode bus bar. 

Cell voltage is approximately 3.5 
volts per cell. 

Feed solution containing 150 g cad- 
mium per liter gravitates from the feed 
storage tanks through iron pipes of 
uniform length flanged together for 
ease of cleaning. 

Each cell has a separate feed pipe 
through which the rate of feed is con- 
trolled to hold the acidity of the cell 
solution at 85-90 g sulphuric acid per 
liter. Titrations with caustic soda using 
Congo Red indicator are made every 
four hours. 

Spent overflows from each cell to a 
launder common to each row and gravi- 
tates to a storage tank. 

Glue solution containing 0.14 lb glue 
per gal is added every four hours at a 
rate equivalent to 214 to 3 lb per ton 
cadmium deposited. Dias deposition, 
the cadmium surface tends to roughen 
by the formation of ‘“‘trees” which are 
wiped off at intervals with a slotted 
wooden tool to which rubber strips are 
attached to make contact with each face 
of the cathode simultaneously. Trees 
are cleaned from the cells monthly and 
returned to the tube mill grinding the 
original cadmium-copper precipitate. 

Stripping periods are either 48 or 96 
hr depending on the current density 
demanded by production. When the 
current density on the immersed 
cathode surface is between 10 and 12 
amp per sq ft quite a reasonable current 
efficiency is obtained and the deposit 
adheres to the cathode, but, when the 
current density is higher, the stripping 
period is reduced to 48 hr as beyond 
this time the current efficiency is found 
to decrease and the deposited cadmium 
sheets tend to become detached. 

The production of cadmium is not 
regular owing to variation in the 
amount of incoming cadmium, conse- 
quently both the number of cells used 
and the current density are varied, but 
it is aimed to operate at 10 to 12 amp 
per sq ft; however, at times a higher 
density is necessary. When the deposit 
is about to be stripped, the cell con- 
cerned is short circuited by means of 
the hinged section of the anode bus bar, 
hooks suspended from a bridle of con- 
venient length are attached to fittings 
on the cathode shaft and the whole 
cathode assembly is lifted by means of 
a travelling chain block and lowered on 
to trestles at the end of the cell row. 

The deposit is removed by means of 
stripping knives, broken into quad- 
rants, stacked almost vertically in 


portable racks, weighed and _trans- 
ferred to the melting section. 

Before returning the assembly to the 
cell, each aluminum cathode is hosed, 
scrubbed with a stiff bristle brush and, 
if necessary, given a light rubbing with 
sandstone. (Fig 2.) 
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Average figures for year ending June 
30, 1948. 


Average current........... 800 
Current efficiency.......... 
Current density........... 


Cadmium “‘trees’’ produced 6.11 pct of cath- 

ode de- 
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Number of cells in use..... 17.6 
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7. Melting, Casting and 
Packing 


The cadmium sheets are melted, 
under a cover of molten rosin, in an oil 
fired cast iron pot, having a capacity of 
approximately 2500 lb cadmium. 

The molten cadmium is handled 
from the pot to the molds in a mild 
steel ladle, the pouring spout of which 
is in the form of a pipe reaching almost 
to the bottom to prevent dross or flux 
entering the mold. 

Cadmium is cast in various shapes 
for commercial purposes. (See Ap- 
pendix 3 and Fig 3.) 

Molds are either lubricated with 
stearin or No. 3 shell grease or sprayed 
with a fine mist of dilute sulphuric acid 
in order to give a clean bright surface 
to the castings which after inspection 
are packed in Tasmanian oak cases in 
which are inserted sheets of waxed 
paper and cardboard to keep the cast- 
ings from contact with the wood. 

Each case is banded with 3 in. wide 
banding iron and stamped with par- 
ticulars of type of casting, gross and 
net weights, lot and case numbers. 

Periodically dross is ladled from the 
surface of the molten cadmium in the 
melting pot into mild steel trays and 
after cooling and weighing is ground 
in a Berdan grinding pan from which a 
stream of water carries off the slime to 
a settling pond, the overflow from 
which passes into the cadmium-copper 
precipitate pulp circuit. 

The dross slime, collected in a settler, 
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is fed to one of the zinc plant roasting 
furnaces and eventually returns, via the 
zinc circuit, to the cadmium plant. 

Clean cadmium prills are removed 
from the pan, dried, weighed and 
remelted. 

It is planned to replace the rosin 
flux with one of three parts ammonium 
chloride and eight parts zinc oxide 
which, in addition to enabling all cell 
trees to be remelted direct, will dis- 
pense with grinding and the return of 
the dross slime through the zinc circuit 
and as a result cadmium losses will be 
reduced. 

The melting furnace is enclosed in a 
mild steel hood from which rosin vapor 
is exhausted, but before being dis- 
charged to atmosphere, passes in series 
through three vertical, wire packed 
mild steel cylinders in which approxi- 
mately 60-70 pct of the rosin is con- 
densed for further use. 


Metallurgical and 
Operating Data 


Average figures for year ending June 
30, 1948. 


Per 


Cadmium prill recovered from dross...... 56 
Cadmium in dross slime to roasting plant. 1.35 
Unaccounted melting loss............... 74 
Rosin used (pct cathodes melted)........ 3.02 
Rosin distillate recovered (pct tot. rosin 

MAROC) Baye siatasictet a geitustes ale iar tices Pooretaes an sr wveits 
CADMIUM ASSAY 

Pct 

CO LOE ye koko. Spieth sewers 99.9590 
CAT ht cab Sy a le oe Cl a an 0.0009 
ZAM Cie Oy POOR BMRA 3 OL eon kee 0.0263 
IPD Werte tes selonon oh ins aide me oo 0.0136 
OS soci oe eats RA) Rd gS eae 0.0002 
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FIG 3—Cadmium castings. 


METAL DISTRIBUTION 


Pct 
Cd as metal saeilears atte ccesesnisnerasls seiecersinire 79.68 
Cd in return solution................-. LS 
Cd in copper residue.. Mes 14d 
Unaecounted loss.75. 5.) cas «sects Jess 7.92 
100.00 
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Appendix I 


COPPER TEST—CADMIUM-COPPER 
PRECIPITATE LEACH 


Reagent 


Standard comparison solution con- 
taining 0.5 gpl copper. 


Test 


Place 100 cc of standard solution in 
one comparison tube and 100 cc of 
filtered leach solution in a similar tube. 
Compare the blue color against a white 
background. 

1. If leach solution is less blue than 
the standard but is still perceptibly 
blue, the leach can be finished. 

2. If no blue is perceptible add sul- 
phated copper residue in 100 lb lots 
until the standard blue is obtained. 

3. If the leach solution blue is more 
intense than that of the standard solu- 
tion the excess copper: must be re- 
moved by zinc dust and the quantity 


required is estimated as follows: 

Determine the quantity of filtered 
solution which, when diluted to 100 ce 
with water will match the blue of the 
standard solution. The quantity of zine 
dust required per 1000 gal of leach can 
be determined from the following 
formula: 


Zinc dust per 1000 gal 
V (100, 
= MOON 275 e3 ) 


T = Vol. solution (cc) used in test. 
V = Vol. leach solution in the leach 
tank. 


Appendix 2 


COPPER TEST—CADMIUM 
PRECIPITATE LEACH 


Reagent 
Sodium sulphide solution (saturated). 


Test 


Take 100 cc of filtered leach solution 
in a stoppered bottle, add 5 drops of 
sodium sulphide solution, shake vigor- 
ously and filter. 

The color of the precipitate on the 
paper is compared with a standard and 
must be inspected by the shift boss 
before filtering is permitted. 


Appendix 3 
CADMIUM SHAPES 
WEIGHT 

Rods—12 in. long, 54, in. diam........ 444 oz 
Ingots—6 by 3 by % in.............. 2 Ib 
Ball anodes—2 in. diam.............. 1% lb 
Anode plates—12 by 8 by 4 in........ 9 lb 
Anode plates—16 by 8 by 4 in......... 11 Ib 
Fluted anodes—12 in. diam.......... 16% lb 
Fluted anodes—7 in. diam........... 734 
Cylindrical anode—4 in. diam by 144 

TMs 6 Aa A as cee IO ea 534 Ib 
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Electrolytic Zine at Risdon. 


Tasmania. Major Changes 


Ss. W. ROSS* 


Introduction 


In 1936 a description of the plant 
(Fig 1) and process employed by the 
Electrolytic Zinc Co. of Australasia 
Ltd. for the recovery of zinc from zinc 
concentrate by the electrolytic process 
was prepared. ft 

During the twelve years which have 
elapsed since the preparation of the 
earlier paper, several major changes in 
the metallurgy of the process have been 
introduced. It is the purpose of the 
present paper to give a general de- 
scription of these changes and thus to 
bring up to date the description of the 
plant and process. 


Summary 


The major changes in Risdon prac- 
tice since 1936 have been: 

1. Replacement of two stage roasting 
by a preliminary roast followed by the 
flotation of all the leach residue and the 
roasting of the flotation concentrate. 

2. Screening of all calcine fed to the 
pachucas. 

3. Continuous leaching of calcine 
and improved classification of pachuca 
discharge. 

4. Close control of hydrogen ion 
concentration during purification for 
iron removal. 

5. Recovery of cobalt as a_ good 
grade oxide. 

6. Production of part of the zinc 
output in the form of “four nines” 
metal (99.99 pct purity). 

7. Closer spacing of electrodes thus 
increasing the potential output of 
cathode zinc per cell by 50 pct. 

Changes which are in prospect and 
for which construction work is pro- 
ceeding at the present time involve the 
starting up of: 

1. Two suspension roasters. 

2. A contact acid plant to produce 
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150 tons{ of acid per day and replacing 
the existing Mills Packard chamber 
plant. 

3. Extra power station capacity to 
permit greater current flow to existing 
cell room units. This will increase the 
output of cathode zinc from about 245 
to 290 tons per day. 

Plans for the future envisage the 
building of an ammonium sulphate 
plant, the first unit of which will pro- 
duce about 50,000 tons per year, and 
improved treatment of zinc plant resi- 
due for the recovery of zinc, lead and 
other metals. 

At the end of this paper tables of 
metallurgical data are presented relat- 
ing to the year ending June 30, 1948. 


Details of Changed 
Practice Output 


In 1936 the production of cathode 
zinc amounted to about 200 tons per 
day. This has since been increased to 
about 245 tons per day while plant 
extensions are practically complete 
which will permit of an output of about 
290 tons per day in the near future. 


Roasting Division 
ROASTING POLICY 


A major change has occurred in the 
roasting policy. Twelve years ago the 
method in use was to carry out a two 


+ Throughout this paper the long ton of 2240 
lb and the Imperial Gallon are used. 
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stage roast in the first stage of which 
sulphide sulphur was reduced to about 
6 pct. The pre-roast calcine was re- 
roasted in modified Leggo furnaces 
using coal as fuel, sulphide sulphur 
being reduced to about 0.8 pct. The 
whole procedure was described on pp. 
482-491 of the earlier paper. 

Although this roasting procedure had 
certain advantages it possessed some 
distinct disadvantages. For instance, it 
appeared uneconomical to heat up the 
entire input of pre-roast calcine to 
roasting temperature by the expendi- 
ture of fuel in order to oxidise a few per- 
cent of sulphide sulphur. It was argued 
that if the pre-roast calcine were leached 
and a process could be developed for the 
recovery of a zinc sulphide concentrate 
from the leach residue, this concen- 
trate, small in weight compared with 
the pre-roast calcine, would probably 
roast autogenously, thus virtually 
eliminating the expenditure of fuel as 
well as greatly increasing the weight 
of sulphur oxidised per square foot of 
furnace hearth area. 

The obvious method of producing a 
suitable concentrate from leach residue 
was by flotation. It will be recalled 
(see p. 495 of the earlier paper) that 
when two-stage roasting was practised 
the leach residue was classified, the 
granular fraction was ground and 
floated while the slime fraction was 
thickened, filtered and dried ready for 
shipment to a lead smelter. This 
process worked quite successfully. 
However, when trials were made of 
leaching a calcine carrying several per- 
cent of sulphide sulphur the granular 
fraction still floated well, but the slime 
fraction carrying 8-10 pct sulphide 
sulphur yielded very poor results when 
subjected to flotation. This fact held 
up the application of ‘‘pre-roast”’ 
leaching for many years. However, 
successful flotation of the slime fraction 
of leach residue was finally achieved 
and in August 1940 the slime flotation 
plant began operation, while the leach- 
eet 
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ing of pre-roast calcine became an 
accomplished fact. A description of the 
flotation section will be given later in 
the present paper. Calcine leached at 
the present time carries from 5-6 pct 
sulphide sulphur while the mixture of 
concentrates from the granular and 
slime flotation sections carries about 
22-24 pct sulphide sulphur. This mixed 
concentrate is roasted for the most 
part in modified Skinner furnaces.* The 
flotation tailing, carrying 1.5-2.5 pct 
sulphide sulphur, is filtered and dried 
and becomes the final zinc plant resi- 
due. The loss of sulphide sulphur in 
residue is little higher than it was when 
two stage roasting was practised. 

It is not proposed to set out the argu- 


ments of single stage roasting to low 


sulphide sulphur versus the present 
method of roasting with intermediate 
flotation. However, it should be stated 
that the present method permits of 
high roasting rates and in some of the 
newer furnaces an oxidation rate of 12- 
13 lb sulphur per square foot of hearth 
area per day has been achieved without 
the use of any fuel. With a very small 
fuel addition (less than 0.5 pct of oil) 
the figure has risen to 14-16 lb. 


*See contemporary paper, J. A. B. Forster: 
Autogenous Roasting of Low Grade Zine Con- 


centrate in Multiple Hearth Furnaces at Risdon, 
Tasmania. 
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FIG 1—General view of works. 


CALCINE SCREENING SECTION 


The introduction of continuous leach- 
ing, described later in this paper, made 
it imperative to screen the calcine on its 
way to the Leaching Division. Pre- 
liminary trials of continuous leaching 
when using unscreened calcine were 
unsatisfactory because many of the 
larger lumps would not move from 
pachuca to pachuca and accumulated 
in the first and second units of the 
series. A plant for the screening of all 
calcine entering the Leaching Division 
was, therefore, built and this has 
removed the trouble. 

The screening station consists of two 
vibrating screens each 8 X 3 ft and 
fitted with 14 in. wire mesh. The over- 
size falls to a bin and is fed intermit- 
tently to a swinging arm breaker. A 
bucket elevator returns the crushed 
oversize to the screens. 


Leaching and Purification 
Division 
LEACHING 
The leaching of calcine and the 
purification of the resulting solution 


were described fully in the earlier 
paper (see pp. 491-510). No modifica- 


tion of the fundamental principles of 
this division has occurred but many 
important changes have taken place in 
details. 

The batch leaching of calcine was 
described in the earlier paper. Although 
quite successful in operation, batch 
leaching employs a relatively big labor 
force, it uses the pachucas inefficiently 
in that much lost time occurs in filling 
and emptying while the discharge of 
pulp at a low level loses head and under 
Risdon conditions makes improved 
classification of pachuca discharge 
difficult. These considerations coupled 
with the somewhat restricted space 
available for building new pachucas for 
increased production led to the intro- 
duction of continuous leaching in 1945. 

Ten pachucas, each 12 ft diam and 
34 ft stave and arranged in two rows of 
five, were previously employed in 
batch work (nine in 1936). These have 
been so connected that all ten may be 
used together if so desired, but any one 
or more can be cut out for repairs. In 
normal practice the ten units are di- 
vided into two groups of five each and 
one set only is in use at a time. It has 
been found that five pachucas, used 
in continuous flow, leach as well as ten 


employed on batch work. 


Screened calcine enters a small bin of 
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80 tons capacity which feeds an 18-in. 
belt running centrally above and be- 
tween the two rows of pachucas. From 
this belt calcine is fed continuously by 
means of a tripper to the head pachuca 
while spent solution from the electro- 
lytic division is fed to the same 
pachuca. 

At the top of each column and 
placed to one side is a swinging launder 
so arranged that it picks up part of the 
discharge from the top of the column 
and transfers it to a short launder 
feeding the next pachuca. This equip- 
ment permits the coarser particles ris- 
ing in the column to be transferred to 
the next pachuca at the same time 
maintaining the same pulp level in all 
pachucas of the series. The discharged 
pulp flows to a launder placed beneath 
the operating floor and running be- 
tween the two rows. From time to 
time scuttling of one or more pachucas 
becomes necessary and a low level 
launder—used previously for batch 
leaching—takes the discharge. 

‘The flow of solution through the 
pachucas for the present output of 
about 245 tons of cathode zinc per day 
amounts to about 800,000 to 1,000,000 
gal per day while 600-700 tons of 
calcine_is leached. The spent elec- 
trolyte carries up to 100 g acid per liter 
and this is reduced to 1.5-2.0 g per 
liter before discharge. 

Continuous leaching has proved ad- 
vantageous in that it is simpler, saves 
labor, uses 35 psi air in place of 90 lb 
air, the equipment is utilised more 
efficiently while improved classification 
and flotation results have been made 
possible. 


CLASSIFICATION AND THICKEN- 
ING OF PACHUCA DISCHARGE 


The classification of pachuca dis- 
charge has been improved by the addi- 
tion of a V shaped box 42 ft 9 in. long, 
10 ft wide at the top and 10 ft deep. 
The pachuca discharge enters at one 
end at the top and flows the length of 
the box. The fine fraction of the solids 
passes over the lip and enters five 50 ft 
diam by 15 ft stave Dorr thickeners. 
The granular fraction, discharged from 
the bottom of the V shaped box 
through six spigots, is dewatered in 
six duplex Dorr classifiers (see item 2 
p. 494 of the earlier paper). The under- 
flow from the classifiers is delivered to 
the granular flotation section while the 
overflow from the classifiers joins that 
from the V box on its way to the thick- 
eners, where the pulp is thickened to a 
specific gravity of. about 1.8. The 
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thickener underflow is elevated to pulp 
holding tanks whence it is delivered to 
the slime flotation plant. 


FLOTATION OF LEACH RESIDUE 


The granular flotation section de- 
scribed on p. 495 of the earlier paper 
remains unchanged in principle but has 
been enlarged, while improved classifi- 
cation has been achieved by the addi- 
tion of a 12 ft diam cone dealing with 
the tailing. The underflow from the 
cone is dewatered in a small simplex 
Dorr classifier and returns to the tube 
mills for regrinding. The overflow from 
the cone goes to the five primary 
thickeners and so granular tailing nor- 
mally joins the feed to the slime flota- 
tion section. 

The slime flotation section consists 
essentially of three main parts, pulp 
preparation, flotation, and thickening 
of concentrate and tailing. 

Pulp preparation consists of two 
main steps: 

1. A 12 ft diam X 12 ft stave tank 
mechanically agitated receives the 
slime pulp from the leaching division. 
This tank is normally kept full. Spent 
electrolyte is added to maintain an 
acidity of about 1.75 g per liter. Finely 
ground manganese cell mud is added. 
The supply of pulp, acid and manga- 
nese dioxide is more or less continuous 
to this tank. An air lift elevates the 
pulp to a bucket feeder which consists 
of eight stainless steel buckets attached 
to a 3 ft 6 in. diam wheel. The dis- 
charge from the buckets is divided by 
a movable cutter, one part going for- 
ward for flotation and the other part 
returning to the pulp tank. In this way 
a continuous and constant feed rate is 
maintained. 

2. The discharge from the bucket 
feeder enters the first of five air agi- 
tated processing boxes each 4 ft square. 
Finely divided limestone pulp is fed 
to the first box for neutralising excess 
acid. Then cresylic acid and eucalyptus 
oil are added and finally the pulp is 
diluted with circuit solution to a pulp 
density of about 3-3.5 Ib solids per 
gallon. A pulp density recorder con- 
troller maintains the pulp at the re- 
quired specific gravity. 

The processed pulp then goes for- 
ward to the flotation boxes. There are 
sixteen boxes arranged in two rows of 
eight. Each box is 3 ft 6 in. X 3 ft 6 in. 
<5 ft 2 in. deep. The impellers, 18 
in. in diam, are made of stainless steel 
and revolve at 370 rpm. Each pair of 
impellers is driven by a single vertical 


12 hp motor, while air from a Connors- 
ville blower is supplied through an 
adjusting valve to each box. Each row 
of eight boxes has a common pulp level 
since each partition between boxes has 
an aperture 2 ft wide X 6 in. deep cut 
8 in. from the bottom. The froth level 
is controlled by inserting riffles in slots. 
No mechanical scraping is necessary 
since the froth flows very freely. 

The sixteen boxes are divided into 
three groups, namely, five rougher con- 
centrate, three cleaner concentrate and 
eight scavenger. Potassium xanthate is- 
added to the pulp leaving the rougher 
boxes and entering the scavenger 
boxes. 

The tailing flows to two 50 ft diam 
x 15 ft stave Dorr thickeners. The 
overflow is returned to the flotation 
circuit while the thickened pulp is 
filtered and dried as described on pp. 
496 and 497 of the earlier paper. Oil 
has replaced coal for firing the driers. 

The combined concentrate from the 
two flotation sections is thickened in 
two 50 ft diam X 15 ft stave Dorr 
thickeners. The overflow is returned to 
the main zinc plant circuit while the 
underflow is filtered in two six-leaf 8 ft 
6 in. diam disc filters. The discharge 
from these filters is not washed and is 
forwarded by belt conveyor for roasting. 

It has been found that the zinc con- 
tent of the circuit solution in the slime 
flotation section is of importance and 
an endeavor is made to keep zinc in 
the range 80-90 g per liter. This is done 
by bringing washings and other low 
zinc tenor liquors into the flotation 
section and using them for pulp 
dilution. 


IRON PURIFICATION 


The overflows from the five primary 
thickeners dealing with pachuca dis- 
charge combine and the solution goes _ 
forward for the removal of iron, silica, 
arsenic and antimony, by the addition 
of finely divided limestone. This 
procedure was described on pp. 497 and 
498 of the earlier paper and the basic 
principles remain unchanged. Con- 
siderable refinement in detail has 
taken place however, and this has 
effected a marked improvement in the 
filtering properties of the precipitate 
while the effectiveness of purification 
has been increased considerably. 

In 1936 there were four 28 ft diam X 
12 ft stave agitators in series. An extra 
agitator has been added and each of the 
first three in the series has been divided 
into two by building a partition across 
. 213 
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a diameter in order to reduce the effect 
of short circuiting. The first agitator re- 
ceives thickener overflow at about 1.5 
to 2.0 g acid per liter. Here ground 
manganese mud is added for the oxida- 
tion of iron. During the leaching of 
preroast calcine up to 1.0 g iron per 
liter is dissolved and part of this is re- 
duced by sulphides to the ferrous state 
and up to 300-400 mg of ferrous iron 
per liter may be present. The bulk of 
this is oxidized in the first agitator. 

The conditions in the second agitator 
of the series are critical and it is here 
that considerable improvement has 
occurred. It was discovered that both 
the physical state and the chemical 
composition of the precipitate resulting 
from the addition of limestone are 
profoundly altered according to the 
hydrogen ion concentration at which 
precipitation occurs. It has been deter- 
mined that if the pH of the pulp in the 
precipitating tank is maintained at a 
figure greater than about 4.0 the physi- 
cal state of the resulting precipitate is 
such that it filters rapidly while the iron 
is present almost wholly as ferric hy- 
droxide with but small formation of 
basic ferric sulphate. 

The effect of this procedure on the 
filtering rate of the ensuing pulp is re- 
markable. If limestone is added to the 
acid solution so that the pH slowly 
rises to the critical figure the time of 
filtering the pulp under otherwise 
similar conditions will be about five 
times as long as it is if the pH is main- 
tained at about 4.0 during precipita- 
tion. Similar results are obtained if the 
neutralising agent is finely ground 
calcine instead of limestone. 

The control of pH is achieved by the 
continuous addition of finely ground 
limestone and the intermittent return 
to the purifying tank of every second 
primary filter cake. A pH indicator and 
also a recorder have been installed and 
it is proposed to add a controller to the 
recorder. 

No material change has occurred in 
the amount of silica removed during 
iron purification but the recognition of 
the part played by silica during purifi- 
cation has been of importance. In the 
course of leaching traces of germanium 
are dissolved, and, if this element is not 
removed almost completely, it in- 
creases the reversion of cadmium dur- 
ing the filtration of copper cadmium 
precipitate and reduces current effi- 
ciency during subsequent electrolysis. 
It is believed that the presence of at 
least 1.0 g per liter and preferably about 
1.3 g per liter of silica in the solution 
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entering the iron purification tanks is 
effective in controlling germanium. 

The filtration of iron precipitate was 
described in detail on pp. 498-501 of 
the earlier paper. The number of leaves 
per filter basket has been increased in 
the ratio of five to four while a rest 
period in hot water has been introduced 
to remove incrustations of gypsum 
from the canvas. These factors coupled 
with the greatly improved filtering 
properties of the precipitate have 
enabled the section to handle with ease 
the solution flow equivalent to 245 tons 
of cathode zinc per day, whereas 
previously, difficulty was often en- 
countered when the output was only 
200 tons. It is anticipated that existing 
equipment will handle without diffi- 
culty the solution flow when output 
increases to 290 tons of cathode zinc 
per day. 


COPPER CADMIUM PURIFICATION 


The removal of copper and cadmium 
was described on p. 501 of the earlier 
paper. The section has been enlarged 
somewhat and the general results im- 
proved. Eight purifiers are now em- 
ployed and filtration takes place in 3 X 
3 ft Dehne presses as previously. The 
solution for purification now contains 
about 90-120 mg copper and 150-180 
mg cadmium per liter. The zinc dust 
charge is normally 250-300 pct of 
theoretical requirements. 

The filtration of the discharge from 
the purifiers has been improved by 
feeding both ends of the presses which 
are now fitted with 68 frames 114 in. 
thick built up from mild steel. The 
improved feeding arrangement coupled 
with the 11, in. frames permits the 
filling of a press in approximately 12 
hr. Control of germanium during iron 
purification, quicker filling of presses 
and a greater excess of zinc dust 
coupled with a constant watch by 
shift chemists on the cadmium content 
of press filtrate, have combined to 
produce a purified solution carrying 
1.5-2.5 mg cadmium per liter. 

The filter cake is treated for the 
recovery of metallic cadmium and of 
copper in the form of a copper rich 
residue in a separate plant.* 


COBALT PURIFICATION 


The method of removing cobalt from 
solution was described in detail on pp. 


*See contemporary paper. G. H. Anderson: 
The Recovery of Cadmium from Cadmium 
Copper Precipitate—Electrolytic Zinc Co. of 
Australasia Ltd. 


501 and 502 of the earlier paper. No 
change, except in minor detail, has 
occurred in the method of purification 
during the ensuing twelve years. 


COBALT OXIDE PLANT 


A major change has taken place 
in the method of disposing of the co- 
balt precipitate which was previously 
wasted. Many attempts were made to 
find uses for this precipitate and to 
recover economically valuable by- 
products from it, but all such early 
attempts ended in failure. 

The precipitate after filtration is a 
mixture of cobalt nitroso beta-naph- 
tholate, gypsum, basic zinc sulphate 
and unconsumed slaked lime, mixed 
with zinc sulphate solution. It was 
discovered that the cobalt nitroso 
beta-naphtholate would float and if 
conditions were right, a relatively high 
grade concentrate could be produced. 
A plant was, therefore, built and has 
operated successfully siace 1936. One 
of the features of this process is that 
the concentrate froth is produced quite 
readily in the absence of any addition 
agent. 

The cobalt precipitate pulp is trans- 
ferred from the purification section by 
pulping it with water and pumping it 
to the cobalt oxide plant. Two me- 
chanically agitated tanks 9 ft diam X< 
11 ft stave receive the pulp. These 
tanks are used alternately, one receiv- 
ing the pulp one day and the other 
receiving it the next day. When the 
day’s output of precipitate is trans- 
ferred, sulphuric acid is added until the 
acidity reaches about 3 g per liter. 
Basic zinc sulphate and calcium hy- 
droxide are consumed during a short 
period of agitation. The pulp contains 
about 24 lb of solids per gal and is 
pumped to the first of a row of ten 
flotation boxes each 3 ft X 2 ft 914 in. 
x 5 ft deep. The ten boxes all have a 
common pulp level since the partitions 
between boxes do not extend to the 
bottom and leave a gap of 3 in. On the 
floor of each box is a canvas aerator 
stretched over a rectangular frame of 
1}4 in. copper pipe. Air is supplied to 
the aerator at a pressure of 1144-214 psi 
while the froth level is controlled by 
riffles fitted into slots. The first box of 
the series is used as a digester and 
returned circuit solution is added to’ 
bring the pulp density to about one 
pound per gallon. The next six or seven 
boxes are used for concentrate produc- 
tion while the last two or three make a 
middling which is returned to the feed. 
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The tailing is normally a milky white 
‘suspension of fine gypsum crystals in 
zinc sulphate solution. 

The process is very sensitive to the 
volume of air supplied to the aerators 
and the flow of concentrate froth must 
be extremely gentle otherwise gypsum 
is entrained in it. A normal calcium 
content of the concentrate is about 
0.02 pct but it is very easy to multiply 
this many times by the use of too much 
air. Another impurity of importance is 
iron. If iron escapes precipitation in the 
iron purification section some of it is 
later precipitated along with cobalt. 
The flotation of cobalt precipitate does 
not differentiate between iron and 
cobalt so that virtually all the iron 
present in the precipitate appears in the 
concentrate. 

The concentrate flows to a 9 ft diam 
X 9 ft stave holding tank whence it is 
pumped to a Moore filter. The basket 
consists of six leaves each 4 ft x 3 ft 
6 in. After filtration the basket is trans- 
ferred to a washing tank where 
thorough washing removes most of 
the water soluble zinc. The cake is 
blown off to a hopper from which it is 
fed to an oil fired hand rabbled re- 
verberatory furnace 20 ft long x 4 ft 
wide where the organic material is 
burned off, and a final product of 
reasonably pure cobalt oxide is dis- 
charged from the furnace. This is 
placed into steel drums ready for the 
market. During the war years some 
cobalt sulphate and metallic cobalt 
were produced for special purposes. 


SOLUTION COOLING 


The plant for the cooling of purified 
solution prior to its being pumped to 
the electrolytic division which was 
described on p. 504 of the earlier paper, 
has been extended by the building of a 
second cooling tower similar to the one 
described previously. The two towers 
are used alternately so that during the 
cleaning of one tower the other is in use. 


Electrolytic Division 


The electrolytic division was de- 
scribed in detail on pp. 511-519 of the 
earlier paper. Basically, the same pro- 
cedure is still employed but some quite 
important modifications have been 
introduced. 


FOUR NINES ZINC 


The specification of the Standards 
Association of Australia for zinc base 
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die casting alloy sets an upper limit for 
lead of 0.007 pct. Attempts at Risdon 
over many years failed to produce 
zinc conforming to this specification. 
The best results had been obtained with 
1 pet silver lead anodes but the zinc 
still contained 0.01 pct lead or even 
more. During the war a considerable 
demand for high quality die castings 
developed and renewed efforts were 
made to meet the specification. Follow- 
ing a suggestion made by Mr. W. H. 
Hannay of The Consolidated Mining 
and Smelting Co. of Canada success 
was achieved by the simple expedient 
of cooling the electrolyte in cells fitted 
with 1 pct silver lead anodes to about 
28°C. Many thousands of tons of zinc 
containing about 0.005 pct lead have 
now been produced by this method and 
have been used for the production of 
die casting alloy. There is no produc- 
tion of ingot zinc of this very high 
grade since all cathodes not used for 
the manufacture of die casting alloy 
are melted with the ordinary make of 
plant zinc. The anodes used are not 
perforated and conditions of elec- 
trolysis are standard except in regard 
to temperature. Experiments in which 
the temperature was reduced to 20°C 
showed no further improvement in the 
lead content of zinc. 


CLOSER SPACING OF ELECTRODES 


In 1936 the cells in the four big units 
contained 34 anodes and 33 cathodes 
while the current flow was nominally 
12,000 amp. The spacing of anodes cen- 
ter to center varied between 4 in. and 
314 in. in the various units. The urge 
for increased power efficiency and later 


for increased output focussed attention 
on the closer spacing of electrodes. A 
suitable double cone porcelain spacing 
insulator was developed and two of 
these were fitted to each anode. (See 
Fig 2). In this way it was found possi- 
ble to insert 45 anodes and 44 cathodes 
into each cell at 3 in. spacing. The 
current flow can be increased to 18,000 
amp and the output from a single unit 
increased from about 46 to about 69 
tons per day. 

At the present time the four big 
units have all been fitted with rolled 
copper bus-bars capable of carrying the 
increased current. However, only two 
units are as yet supplied with the full 
power input. The other two units will 
be supplied as soon as a new converter 
station, now under construction, is 
completed. 


ELECTRODES 


The size and shape of electrodes are 
virtually the same as they were in 1936 
except that now plain 44 in. aluminum 
sheets are used as cathodes. 

Twelve years ago the life of a cathode 
was extended by attaching protective 
strips of aluminum above solution level. 
This was effective because maximum 
corrosion occurred about 114 in. above 
solution level. In recent years solution 
line corrosion has increased markedly 
possibly related to an increase of fluo- 
rine in the electrolyte from about 15-20 
mg per liter up to 30-35 mg per liter. 
Protective strips which give no benefit 
at the solution line have therefore been 
discarded but cathode cost per ton of 
zinc has increased considerably. 

Trials of re-rolled used cathodes have 


FIG 2—Anode spacing insulator. Glazed porcelain. 


Metals Transactions . . . 215 


FIG 3—Hboist in action. 


been made with only moderate success. 

Anodes now contain 0.012 pct silver. 
This addition has been made to in- 
crease the stiffness and to reduce the 
need for anode straightening. This 
small addition probably is responsible 
for a reduction in the lead content of 
normal cathode zinc to a figure of about 
0.012 pct. An interesting minor modifi- 
cation has been made in the treatment 
of new anodes prior to placing them in 
the cells. It was discovered that if the 
anodes were painted with a slurry of 
cell mud while they were still hot after 
casting, the conditions of electrolysis 
were much improved during the first 
two or three stripping periods. Prior to 
the introduction of this practice cur- 
rent efficiency was low during the first 
few stripping periods. 


COOLING OF ELECTROLYTE 


The adoption of closer spacing and — 


greater current flow has called for more 
cell cooling. There is not room for more 
than about four cooling coils per cell 
and in these circumstances the tem- 
perature of the electrolyte during the 
hotter months of the year tended to be 
unduly high. Experimental work has 
indicated that the greatest yield of 
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cathode zinc per unit of power occurs 
when the temperature of the electrolyte 
is about 32-33°C. In practice an en- 
deavor is made to keep the temperature 
below 35°C. 

The demand for a greater extraction 
of heat from the cells stimulated an 
investigation into the design and clean- 
ing of the cooling coils described on p. 
514 of the earlier paper. The outstand- 
ing result of this investigation was the 
recognition that even when cleaned 
thoroughly by hand scraping and 
brushing, a coil quickly lost up to one 
half of its effectiveness due to the 
formation of a thin hard scale on the 
outer surface. 

A system of electrolytic cleaning has 
been developed in which the coils are 
made cathodic in a dilute solution of 
sulphuric acid. An input of about 75- 
100 amp per coil is effective in removing 
adherent scale during overnight treat- 
ment. The efficiency of the coil as a 
heat remover has been restored to 
about 90 pct of that of a new clean 
coil and temperature control of the 
electrolyte is now not difficult even in 
the hotter months of the year. 


LIFTING OF CATHODES 
The hand operated chain blocks for 


lifting groups of cathodes for stripping 
and described on pp. 514-515 of the 
earlier paper are still in use but at the 
time of writing this paper a change- 
over is being made to electrically 
operated hoists. One of these has been 
on trial for a long period and has 
proved very satisfactory. Another 
twelve are being installed and it is 
hoped to equip the whole cell room 
with these hoists—one hoist for every 
three cascades. (Fig 3.) 


ADDITION AGENTS 


The use of about 24 mg glue per liter 
and 10 mg beta naphthol per liter, re- 
ferred to on pp. 514, 516 and 517 of the 
earlier paper is still maintained. 

It is no longer necessary to add 
antimony since improved technique in 
solution purification appears to have 
overcome many of the difficulties 
previously experienced during elec- 
trolysis. Current efficiency averaging 
about 92 pct is maintained with a 72 hr 
stripping period. 


Melting and Casting 
Division 
This operation was described in de- 
tail on pp. 519-526 of the earlier paper. 
The major change introduced during 
the intervening years has been the 
abandonment of coal firing and the use 


of oil in its place. No leaded zinc has 
been produced for some years. 


Metallurgical Data 


The following tables refer to average 
figures for a four weekly period during 
the year ended June 30, 1948. 

Feed solution was taken for analysis 
in June, 1947. During the year ended 
June 30, 1948 average cathode zinc 
output was 211.2 tons per day although 
it had risen to about 245 tons at the 
close of the year. 


Roasting Division 


The data relevant to this division 


will be found in contemporary paper 
by J. A. B. Forster. 
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Leaching Division 


Table 1. . . Pachuca Section 


11660 


tO ae ee a's goa a ak .. 3909 
Total calcine leached—tons............. 15569 
Assay calcine leached 
Sulphate SiPct: 656 5 cea caa cee 1.38 
Sulphide:s Pot) oe oe eee 5.79 
otaleZmpPete oo. 66 acca nents Ae 56.6 
Sok Ane PCewn ns eee cs ee 42.1 
Pb P. 1.0 
9.2 
0.18 
0.31 
4.3 
0.017 
Spent electrolyte—acid grams per liter.. 90.5 
Acid added to circuit—tons........... 283 
Granular residue to flotation, pct of 
total calcine leached................ 24. 
Slime residue to flotation, pct of total 
calcine leached..... obrrAS Gbe GOOD 26.8 


Table 4... Copper Cadmium Co- 
balt and Chlorine Purification 


Sections 
Zinc dust used—tons...... eretshestaahe acousiaus 71 
—lb per ton cathode zinc.. 26.7 
—pct of chemical equiva- 
lent of copper plus cad- 
TUNG RogdacSeoe CaBOnoc 298 
Solution 
Composition 
Before | After 
Treat- | Treat- 
ment ment 
Copper—mg per liter.......... 112 0.1 
Cadmium—mg per liter........ 176 1.8 
Copper cadmium precipitate— 
ODS Ne cforea a ale-c) 012, ate.8) ofete)s tiereus 192 


Zn | Pbh|j Cu| Cd |Ag 


Pct | Pct | Pct} Pct |Oz 
Assay copper cad- 
mium ppt........ 33.6| 0.616.7 10. 8512.3 
Cobalt removed—lb.............. 1801 
Beta naphthol used 
—lb per lb cobalt.............- 10.0 
Sodium nitrite—lb 
per lb cobalt...... Caidictobine dace 6.9 
Caustic Soda—lb per 
ib’ cobalt..20.. foo 6s BYaictciatercte slelt Bd lr 
Lime—lb per lb co-- 
alee pest sees sieleialer ela <6 xs 14.2 
Chlorine removed— 
Rraheeevaiore re ehoreiias Paleleieleioiislsiaic eicie LODO 
Silver loss—oz per 
chlorine _re- 
moved........... Bvaiaistersiovolonaishcts 0.99 


Table 2... . Flotation Section 


Granular residue treated—tons........ 3696 
Assay sulphide sulphur—pct........... W752 
Slime residue treated—tons........... 4095 
Assay sulphide sulphur—pct........... 8.02 
Combined concentrate—tons.......... 4041 
Slime tailing (or final residue)—tons.... 3028 
Slime tailing pct of new calcine 
leached=—pot. epi sc « boas 26.0 
Combined Slime 


Concen- 


Addition Agents 


Granular circuit—lb per 
LOM pecker Po eickoe Fea sesworarse enone nil 
Slime circuit—lb per ton..| 0.04 


* Cresylic acid was not added throughout the 
year. This figure represents the normal addition 
when it was used. 


Table 5... Cobalt Oxide Section 


Cobalt precipitate treated—tons......... 42.5 
Cobalt content of crude precipitate—pct.. 1.93 
Acid used—tons sc .aineors ni sists ies fours ah alone oF 2.47 
SiO2 
Ca Pet P ne 
Cobalt concentrate assay...... 0.023 0.151 
Oil used in roasting—tons............. 1l 
Finishing temperature °C (ap- 
PLOXIBIACO) Sse ee lobar sycleleoss= « ele aheveieys 750 
Output of oxide—tons................ 1.0 


Zn | Ca | SiOz 
Pct | Pct | Pct | Pct] Pct 


Cobalt oxide assay... |64.3] 2.5] 1.6 |0.50/6.77* 


* This figure is abnormally high. It is usually 
about 2 pct. 


Electrolytic Division 


Table 6. . . Analysis of Feed Solution (June 1947) 


Grams 

Per Liter 
NIG orice fs eh ai 6 G¥s sree Sais taites eickshaiatotave-slais 111.9 
Manganese.........-2.0seseeeeees 20.8 
(OF tii Gascon cacti ons DmoGosoce 4 0.44 
Magnesium...........--++++-++-:- ied 
Choy Hoge Ho, feed Serie Hau momo 3.7 
Potassium........ BBeene cme Ree eared aes 1.36 
Sulphate............ Stale septate Mees 200A 

Papier 
Cobalt... acon 9.4 
Copper.. 0.11 
Cadmium..... 1.6 
Silical?. 6.62.00. 102 
Total Chlorine.......... ate 139 
Chloride chlorine.......... 99 
Chlorate chlorine...... Atoseintere fersiere ious Nil 
Perchlorate chlorine..........-..-> 40 
BURGIOrine sion orale gis ice Soe eno fal evokes 32 
INEROTIGC. eieicic cle cisie aie sc 4 \eleje siecle ce <0.1 
Antimony..........-.- efenere secrete 0.09 
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Mg 
Per Liter 
POtalWNitLO Be Ws e7j- = cctiersis) «nino a © 142 
INE? nitrogen... a. cles 138 
Nitrite nitrogen............... 3 


Nitrate nitrogen............... Possible trace 


Phosphates seek ee wclese at Trace 
MunitnGme sehen cs escins ces 0.44 
Lead..... Eis exec Bitte cal atoreteatee 0.07 
Bismuth ccs cis wasterederrtaes sls 0.001 
INF ED 3) aR oe ae ae oA Oreo 0.2 
Selenitimyncn sect ce er earse spots : Nil 
Tel aritinastseupess chao e-etade tele sols Nil 
LEAs cicfer poy eust ov sletousiets | Qskeptienecsis') 0.065 
Silviersepm icrusiteccissctaeretesaey seals 0.35 
Tron (total)............0+ evecare 1.2 
Tron (after filtration).......... <0.1 
Solids in suspension..........+¢ T4 
Specific Gravity...........+.+- 1.344 


Table 3... . Iron Purification 
Section 


Solution treated—gal per day.......... 800,000 
Solution 
Composition 
Before After 
Treat- | Treat- 
ment ment 
Sulphuric acid—g per liter...| 1.95 neutral 
Total iron—mg per liter.....| 470 0.3 
Ferrous iron—mg per liter...| 290 
Silica—gms per liter......... 1.65 Omir 
Arsenic—mg per liter........ 2.65* 0.2 
Antimony—mg per liter..... 0.44% OeL= 
Limestone used—tons}...... 600 
Iron precipitate—tonsT...... 1200 
—Total zinc pct......:... 7.0 
Water soluble zinc pct..... Bees 


* These figures are representative but are not 
necessarily yearly averages. 

+ The figures for limestone used and weight and 
composition of iron precipitate are typical but 
due to minor changes in procedure during the 
year do not depict the year’s average work. 


Melting and Casting 
Division 


Table 8. . . Data on Melting 


Cathode zinc melted—tons......:..... 5877 
Proportion of scrap therein—pct....... 2.02 
Zinc slabs cast—tons................. 5658 
Dross produced—tons................ 272 


Flue and baghouse dust (estimated) tons 37 


Zinc content of dross—pct............ 719.4 

Zinc recovery as slab zinc—pct........ 96.27 
Oil consumed—pct of zinc fed......... 2.29 
Ammonium chloride—lb per ton feed... 1.32 


Table 9 . . . Analyses of Products 


High Grade | Four Nines 
Slab Zinc,| Cathode 
Pct Zinc, Pct 
VASTOR ASE CCRT nT hee 99.9838 99.9918 
Bheaddeaee oS os 0.0116 0.0048 
Coppersiias sleassteons': 0.0012 0.0011 
Cadmium 0.0025 0.0023 
Tronga- 0.0009 <0.0000!1 
IAFSOMIC oe eve ate ees <0.00001 <0.00001 


Table 7 . . . Data on Electrolysis 


Output of cathode zinc—tons.......... 5917 
Anode current density—amp per sq ft 

At E2000 amapes. Aiea tele cere mele are 3 

ACH O00faIMD. eect iia sccm rte Ee 32.1 
Cathode current density—amp per sg ft 

AE L2000ramD ny sere ts. caine brome : 26.2 

INGE SOOO AMP sews seul te ete te anersiere 29.4 
Voltage per unit at 12000 amp......... 502 
Voltage per unit at 18000 amp......... 507 
Current efficiency—pct............... 92.0 
Zinc deposited—lb per dc hp day...... 12.59 
Zinc deposited—lb per achp day...... 11.47 
Glue—lb per ton cathode zinc..... 0.84 


Beta naphthol—lb per ton cathode zinc 
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The Hardenability Effect of 


Molybdenum 
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J. M. HODGE,* J. L. GIOVE,* Members AIME, and R. G. STORM* 


Introduction 


Tue hardenability effect of molyb- 
denum has been evaluated by a number 
of investigators, including one of the 
present authors.:?-*.4.6 Considerable 
discrepancy exists, however, among 
the results of these various investiga- 
tors, and two of them, Brophy*® and 
Kramer,‘ have indicated that the ap- 
parent hardenability effect of molyb- 
denum would vary, depending upon the 
other alloying elements in the steels 
being considered. The results of previ- 
ous, unpublished work conducted at 
the Duquesne Works Laboratory of the 
Carnegie-Illinois Steel Corporation also 
have indicated significant differences 
in the hardenability effect of molyb- 
denum in nickel and in chromium 
steels. 

The present investigation was under- 
taken in an effort to establish the 
mechanism governing this difference 
in the hardenability effect of molyb- 
denum. This work involved both end- 
quench hardenability and isothermal 
transformation tests on two series of 
steels of varying molybdenum content. 
One steel contained 3 pct nickel and the 
other 1 pct chromium. It was hoped 
that such studies would shed further 
light on the mechanism of this behavior. 


Materials and 
Experimental Work 


MATERIALS 


The chemical compositions of the | 


steels used in this investigation are 
shown in Table 1. These steels were 
furnished by Battelle Memorial Insti- 
tute in the form of 100-lb induction 
furnace ingots. The top half of each 
ingot was forged to 13g-in. square 
billets and then rolled to l-in. round 
bar stock for isothermal transforma- 
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Table 1... Results of Lad/e Chem- 


ical Analyses—Per Cent 
3 Pct Nickel Steels 


C |Mn| P Ss Si | Cr | Ni | Mo} Al 
0.41/0.70}0.019/0.030/0. 28 3.02/0.0 |0.020 
0.39/0.68/0.021/0.028/0.27 3.01/0.08)0.025 
0.40/0.69/0.018/0.028/0.32 2.99|0.18/0.025 
0.40/0.71/0.019/0.028/0. 26 3.00/0.32/0.025 

0.95 Pct Chromium Steels 
0.41/0.68/0.018]0.027/0.27|0.95/0.05/0.0 |0.025 
0.41/0.69/0.018]0.028/0. 21/0. 95/0. 05/0. 08/0.025 
0.42/0.69}0.018/0.028/0. 23}0.94/0.05/0.18)0.025 
0.42/0.65/0.018/0, 028/0.20)0.94)0.05/0.32)0.025 


& Note: For calculating ideal diameters, these 
analyses were corrected to 0.40 pct C, 0.70 pct 
Mn, and 0.25 pct Si. 


tion studies. The bottom half of each 
ingot was forged into approximately 
144-in. rounds for end quench tests. All 
of the steels were normalized from 
1650°F and tempered at 1100°F before 
machining to end quench or isothermal 
samples. 


END-QUENCH TESTS 


Standard l-in. diam end-quench 
tests were made on each of the steels. 
The test bars were austenitized at 
1600°F for 30 min., quenched in a 
standard Jominy jig, and hardness 
surveys were made in all tests. The 
5 pet martensite point was. deter- 
mined from hardness values® and 
checked by metallographic examina- 
tion. The Jominy distance values for 
95 pct martensite were converted to 
hardenability values in terms of ideal 
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diameter (Dj), using a revised curve 
for the relationship between Jominy 
distance and ideal diameter. This curve 
was based on the cooling time from the 
A, to the bainite nose temperatures 
rather than on the usual criterion of 
half-temperature time. The cooling 
rates as determined by Russell and 
Williamson® were used as a basis for 
this relationship. The derivation of this 
curve is described in detail in the 
appendix. 


ISOTHERMAL TRANSFORMATION 
STUDIES 


Samples for the isothermal transfor- 
mation studies were quarter sectors of 
1/,-in. thick slices from the 1-in. 
round bars. All samples were austeni- 
tized. for a total time of 15 min., 
transferred rapidly to a lead bath for 
isothermal transformation, and brine 
quenched from the lead bath. A time 
of 3 sec was allowed for the sample to 
come to the temperature of the lead 
bath, and this time was not included 
in the isothermal transformation times. 

Each sample was examined metallo- 
graphically at a magnification of 100 
diam. The per cent transformation was 
estimated by comparison with standard 
micrographs, and the values were 
plotted against time on log/log co- 
ordinate paper. At least 4 and as many 
as 10 points were plotted for each 
steel. A line was drawn through the 
points for each steel, and the times for 
5 pct transformation were obtained 
from the plot for each steel. 

Isothermal transformation diagrams 
in terms of 5 pct total transformation, 
covering the temperature range of 800 
to 1200°F, were determined in this 
manner for an austenitizing tempera- 
ture of 1600°F. The times for 5 pct 
transformation at the bainite nose for 
austenitizing temperatures of 1800 and 
2000°F were also determined in the 
same manner. 

These times for 5 pct total transfor- 
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chromium steel correspond approxi- 

BI | mately to those originally determined 

Ee by Grossmann,! which are also shown. 

ae | The microstructures at the 95 pct 

| martensite point on the end-quench 

r test samples of each series containing 

0.18 pet molybdenum are shown in Fig 

4 and 5. The nonmartensitic products 

95 PERCENT MARTENSITE are predominantly bainitic in both 

ae ele = Ea a steels. Some acicular ferrite is to be 

* : noted, however, and the nickel steel 

shows somewhat more of this appar- 
ently ferritic constituent. 

The isothermal transformation stud- 

ies were undertaken principally to 

determine if the hardenability differ- 


60 


0.18] MO ences noted in the results of end-quench 

tests reflected actual differences in the 

a, rate of transformation to bainite, or if 

| they were associated with incubation 
0.0 Mp | effects or differences in nucleation 


ROCKWELL C HARDNESS 
w 


which occurred during continuous cool- 
ing. The results of the isothermal trans- 
formation studies from samples aus- 
tenitized at 1600°F are summarized by 
isothermal transformation diagrams in 
Fig 6 and 7. It is apparent from the dia- 


Sea 
grams that the transformation rates in 
both the pearlitic and bainitic regions 
an eae ai 2c.) pl eet: 48-18 : 
Be.) 4. eA Zanes 4 8 a '4 Beene 8. 24 have been decreased in both types of 


DISTANCE IN INCHES FROM QUENCHED END steel by tevaddition of molybdenum. 


FIG 1—End quench hardenability curves for a series of 3 pct nickel steels. There are also large differences in the 


mation at the bainite nose were con- 
verted to hardenability values in terms 
of ideal diameter by multiplying them 
by a factor of 1.5 and correlating the 
results with the cooling times from the 
A, to the bainite nose temperature in 
an ideal quench. This method is de- 
scribed in detail in the appendix. 


PERCENT MAR 


Results and Discussion 


The results of the hardness surveys 
on the end-quenched samples, austeni- 
tized at 1600°F, are shown in Fig 1 and 
2. The 95 pct martensite points, deter- 
mined microscopically, are also indi- 
cated on these curves. The location of 
this microstructure corresponds— in 
general with the hardness value for 
95 pct martensite as reported in Ref. 5. 
The hardenability factors for molyb- 
denum, determined by dividing the 
ideal diameters of the steels containing 
molybdenum by the ideal diameters of 
those containing no molybdenum, are 
shown in Fig 3. It is evident that the 
hardenability effect of molybdenum is 
much more pronounced in the nickel 
than in the chromium steels. It is, 
perhaps, significant that the hardena- 
bility factors for molybdenum in the FIG 2—End quench hardenability curves for a series of 0.95 pct chromium steels. 
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FIG 3—The hardenability effect of molybdenum in 3 pct nickel and 0.95 pct chromium 


magnitudes of these effects in the two 
types of steel. The molybdenum was 
much more effective in decreasing the 
transformation rates, in the tempera- 
ture range 1000 to 1200°F, in the nickel 
than in the chromium steels. 

As will be evident, this effect on the 
rates of transformation at the higher 
temperatures is not particularly perti- 
nent to the present investigation, which 
is concerned with 95 pct martensite 
hardenability, the nonmartensitic prod- 
ucts being predominantly bainitic. 
However, the large differences in the 
rates of transformation in the pearlitic 
range in the two types of steel would 
be very important if one were con- 
cerned with transformation to pearlitic 
microstructures. 

There are also evident differences in 
the effect of molybdenum on the trans- 
formation rates at the bainite nose in 
the two types of steel. On converting 
these transformation time values to 
hardenability values, by the methods 
mentioned above and described in de- 
tail in the appendix, it is evident that 
these differences in the hardenability 
effects, as expressed by the multiplying 
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steels. End quench tests. 


Table 2... End Quench Test Results and Corresponding Hardenability 
Values 


Jominy Bars 


3 Pct Nickel Steels 


0.95 Pct Chromium Steeis 


Jp Dr 
Pet Mo (Inches) (Inches) Mr 
0.0 0.27 2.05 1.00 
0.08 0.40 2.97 1.45 
0.18 0.625 3.87 1.88 
0.32 1.41 7.06 3.44 


Jp Dr 
Pet Mo | (inches) | (Inches) Mr 
0.0 0.31 f 1.00 
0.08 0.388 2°76 1.26 
0.18 0.45 3.03 1.38 
0.32 0.733 4.51 2.06 


Note: Jp = Jomin 


Dr = Ideal diameter 


bar distance to 95 pct martensite 


Mr = Multiplying factor 


factors, are identical with those ob- 
served in the end-quench tests. The 
hardenability values for the end- 
quench and the isothermal transforma- 
tion tests are given in Tables 2 and 3, 
respectively. It is apparent that, al- 
though the ideal diameters determined 
from the results of the end-quench 
tests are larger than those determined 
from the isothermal studies from an 
austenitizing temperature of 1600°F, 
the multiplying factors for molyb- 
denum, calculated from the results of 
both tests, are substantially the same. 
These multiplying factors expressing 


the hardenability effect. of molyb- 
denum in both the end-quench and 
isothermal transformation tests are 
plotted as a function of molybdenum 
content in Fig 8. Thus the hardenabil- 
ity effect of molybdenum and the 
differences in its effect in the two types 
of steel, as shown by the results of end- 
quench tests, are seen to be fully 
accounted for by the effect of molyb- 
denum on the isothermal transforma- 
tion rate to bainite. 

Micrographs illustrating the appear- 
ance of the transformation products 
which formed at the nose temperature 
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would be expected, however, 


after about 5 pct transformation are 


- shown in Fig 9 and 10. These products 


are similar in appearance to those ob- 
served at the 95 pct martensite point 
in the end-quench test samples. As 
the 
transformation during the continuous 
cooling of the end-quench test samples 
evidently occurred at a somewhat 
lower average temperature than the 
isothermal nose temperature. 

One plausible explanation for this 


- difference in the hardenability effect of 


molybdenum in nickel and in chromium 
steels might be that it reflects differ- 
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FIG 4—({Above) Microstructure of the end-quench bar at 
approximately 95 pct martensite in the 3 pct nickel, 0.18 pct 
molybdenum steel. Picral-zephiran chloride etch. X 1000. 

FIG 5—({Below) Microstructure of the end-quench bar at 
approximately 95 pct martensite in the 0.95 pct chromium, 0.18 pct 
molybdenum steel. Picral-zephiran chloride etch. X 1000. 


ences in the rate of carbide solution in 
the two steels, at a given austenitizing 
temperature. In order to check this 
hypothesis, isothermal transformation 
studies were made at the bainite nose 
temperature, using austenitizing tem- 
peratures of 1800 and 2000°F. The 
results of these studies are superim- 
posed on the isothermal transformation 
diagrams of Fig 6 and 7, and the 
corresponding hardenability values as 
a function of austenitizing temperature 
are shown in Fig 11 and in Table 3. 
The multiplying factors expressing the 
hardenability effects of molybdenum 


in samples austenitized at these higher 
temperatures are superimposed on Fig 
8 along with corresponding factors for 
1600°F austenitization. It can be seen 
that, although the ‘transformation 
rates to bainite are markedly decreased 
by increasing the austenitizing tem- 
perature, the hardenability effect of 


_molybdenum and the differences in its 


effect on the two series of steels, re- 
mains unchanged with changes in the 
austenitizing conditions within the 
temperature range 1600 to 2000°F. 
The probability appears remote that 


‘the rate of carbide solution with in- 
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Table 3... Isothermal Test Results and Corresponding Hardenability 
Values 


Isothermal Tests 


Bainite Bainite D 
* Dir D G a M 
zB M Pct Mo_ | Nose Times F 
Pet Mo | Ngee nage" | (Inches) F (Seconde) | (nehes) 
1600°F 
0.0 2.33 Pets) 1.00 0.0 3.42 1.68 1.00 
0.08 4.06 2.38 1.38 0.08 4.60 2.04 1.21 
0.18 8.84 3.20 1.88 0.18 7.60 2.43 1,45 
0.32 26.8 5.97 3.45 0.32 11.8 3.43 2.04 
1800°F 
0.0 5.17 2.48 1.00 0.0 7.0 2.47 1.00 
0.08 9.8 3.54 1.43 0.08 10.0 3.07 1.24 
0.18 18.6 4.56 1.84 0.18 16.0 3.76 P52 
0.32 55 8.30 don 0.32 24 4.83 1.96 
2000°F 
0.0 te reice 4.19 1.00 0.0 13.4 3.36 1.00 
0.08 23.6 5.78 1.38 0.08 21.4 4.41 L3t 
0.18 48 7.60 1.81 0.18 29.6 5.02 1.49 
0.32 132 aS: 3.17 0.32 52 7.00 2.08 
Note: Dr; = Ideal diameter 
Mr = Multiplying factor 
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FIG 6—Isothermal transformation diagram for 5 pct total transformation in 3 pct nickel- 
molybdenum steels. 


TEMPERATURE (°F. ) 


O———© AUSTENITIZED AT 1600 °F. 
" "1800 °F, 
wu om 2000 °F. 


20 30 4050 70 
TIME (SECS.) 
FIG 7—Isothermal transformation diagram for 5 pct total transformation in 0.95 pct chro- 
mium-molybdenum steels. 
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MULTIPLYING FACTOR FOR MOLYBDENUM 
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FIG 8—The hardenability effect of molybdenum as determined by end quench and iso- 


creasing austenitizing temperatures has 
caused these large increases in harden- 
ability, because no undissolved car- 
bides were observed in any of the steels 
after austenitizing at 1600°F. Further- 
more, the increase is as marked in the 
nickel steel without molybdenum as it 
is in the chromium steel with 0.32 pct 
molybdenum. The increase in harden- 
ability correlates roughly with the 
increase in grain size which accom- 
panied the increased austenitizing 
temperature. This increase in harden- 
ability, however, seems rather large to 
be ascribed altogether to the increased 
grain size, particularly as it is based on 
transformation rates in the bainite 
region. 


Conclusions 
1. The hardenability effect of molyb- 
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thermal transformation tests. 


denum, based on end-quench tests of 
two series of steels, one with a base 
composition of 0.40 pct carbon and 3 
pet nickel and the other with a base 
composition of 0.40 pct carbon and 1 
pet chromium was more pronounced in 
the nickel steels; 0.32 pct molybdenum 
was about twice as effective in the 
presence of 3 pct nickel as in the pres- 
ence of 1 pct chromium. 

2. The hardenability effect of molyb- 
denum in both steels, and the difference 
in its effect in the presence of nickel 
and chromium are quantitative re- 
flections of its effect on the rate of 
transformation at the bainite nose 
temperature. 

3. The hardenability effect of molyb- 
denum in the presence of either nickel 
or chromium is unaffected by changes 
in austenitizing temperature over the 
temperature range of 1600 to 2000°F. 

4. The explanation of the difference 


in the effect of molybdenum on trans- 
formation rates to bainite in the 
presence of nickel or chromium was 
not apparent, but it did not seem to 
reflect differences in the rate of carbide 
solution in the two types of steels. 


Appendix 


CALCULATION OF HARDEN- 
ABILITY VALUES FROM END- 
QUENCH AND ISOTHERMAL DATA 


As mentioned in the body of this 
report, the hardenability values, as 
derived from the results of either the 
end-quench or isothermal transforma- 
tion studies, are based on the cooling 
time from the A; to the bainite nose 
temperatures. This criterion was chosen 
because it permitted the isothermal 
transformation times at the bainite 
223 
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FIG 9—{Above) Microstructure of isothermal sample at the 
bainite nose temperature after about 5 pct transformation in the 
3 pct nickel, 0.18 pct molybdenum steel. Picral-zephiran chloride 
etch. X 1000. _ 

FIG 10—(Below) Microstructure of isothermal sample at the 
bainite nose temperature after about 5 pct transformation in the 
0.95 pct chromium, 0.18 pct molybdenum steel. Picral-zephiran 
chloride etch. X 1000. 


nose to be converted to hardenability 
values by the method developed by 


Grange and Kiefer.” For consistency, — 


therefore, the same criterion was used 
in evaluating the end-quench test 
results. 

The correlation curves between 
Jominy distance and ideal diameter for 
the two series of steels, based on this 
criterion, are shown in Fig 12. The 
cooling time from A, to the bainite nose 
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temperatures, on which the ideal 
diameter values of these curves are 
based, were determined from the cool- 
ing rates along the end-quench bar 
which were recently published by 
Russell and Williamson.® These cooling 
rates, plotted in terms of fractional 
temperature as a function of time, are 
reproduced in Fig 13. 

In order to convert the cooling times 
from the A, to the bainite nose tem- 


peratures to ideal diameter values, 
such cooling times for a series of 
cylinder sizes, assuming an infinite 
quench and diffusivity of 0.0099 sq. 
in. per sec were calculated from 
Russell’s tables. From these times, 
plots correlating cooling time and 


ideal diameter were prepared for 


austenitizing temperatures of 1600, 
1800, and 2000°F. These plots are 
shown in Fig 14, 15, and 16. 
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FIG 13—Cooling rates at different locations along an end quench bar quenched from 
approximately 1600°F. (Russell and Williamson.) 
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FIG 14—Relationship between ideal diameter and time to cool from the A; to the bainite 
nose temperatures. Austenitized at 1600°F, 
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FIG 15—Relationship between ideal diameter and time to cool from the A; to the bainite 


nose temperatures. Austenitized at 1800°F. 


The relationships between the dis- 
tance from the quenched end of the 
Jominy bar and the ideal diameter, as 
shown in Fig 12, are therefore based on 
the cooling times as determined from 
Fig 13, and the relationship between 
cooling time and ideal diameter as 
shown in Fig 14. The hardenability 
values corresponding to the isothermal 
transformation times at the bainite 
nose were likewise determined from 
Fig 14, 15, and 16. These isothermal 
transformation times were multiplied 
by a factor of 1.5 before making this 
conversion. This factor of 1.5 repre- 
sents the average relationship between 
the continuous cooling time from the 
A; to the nose temperatures and: iso- 
thermal transformation time at the 
nose temperature, as determined by 
Grange and Kiefer.’ 
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A Method of Examination of Sections 
of Fine Metal Powder Particles 
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FIG—1 Tungsten powder particles < 10,000. Reduced approximately one fourth in reproduction. 


Introduction 


THE aim of this paper is the descrip- 
tion of a technique to be applied to the 
study of sections of metal powder par- 
ticles, less than 20 microns in diam, 
with the electron microscope, by the 
replica method, using for replica a 
material such as formvar or parlodion. 

This work originated with the study 
of particles of tungsten powders. Such 
particles were too small to be examined 
in sufficient detail with the light micro- 
scope. On the other hand, examination 
with the electron microscope of the 
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powders dispersed in the supporting 
film was not found satisfactory because: 
1. It did not permit differentiating 
between single particles and aggre- 
gates. 2. It did not show the true 
outlines of the particles but only the 
projection of a whole surface. 3. No 
details appeared. For that reason it was 
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attempted to make replicas of sections 
of the particles imbedded in a mounting 
material suitable for polishing and 
etching. The method proved satisfac- 
tory for the examination of tungsten 
powder and was then extended to car- 
bonylnickeland carbonyl iron powders. 


Procedure 


Several mounting materials com- 
monly used in ordinary metallography. 
were investigated. The problem con- 
sisted in finding a mounting material 


MARCH 1949 


FIG 2—Particles of carbonyl nickel powder. a, b, c, X 10,000. d, X 5,000. Slightly reduced in reproduction. 


- that would (1) wet the metal particles, 
(2) be of proper hardness to give, after 
polishing, a fairly smooth surface from 
which a replica could be stripped, (3) 
resist the attack of etchants, (4) be 
incompatible with the replica material 
to permit stripping. 

Of the mounting materials investi- 
gated, aerotex M-3, a water soluble 
melamine formaldehyde plastic, was 
found to be the easiest to use. A thick 
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paste was made by mixing the powder 
in a little aerotex. A thin layer of this 
mixture was spread on a square of glass, 
about 14 in. on the side, thick enough 


to permit easy holding during polishing. 


The best final surface was obtained by 
spreading the mixture of powder in 
aerotex into a film as thin as possible. 
Under such a condition, the aerotex 
polymerizes into a continuous film that 
seems to gain strength from the glass 


backing. A thick layer of aerotex gives 
a porous rough surface after polymeri- 
zation. Polymerization was carried out 
in a drying oven at 140°C for 2 hr. 
The specimens were then carefully pol- 
ished and etched* in the ordinary man- 


* Standard etchants were used as follows: 
Powder Etchant 
Tungsten 10g NaOH, 10g FeK;(CN)c, 100cc 


water 
Nickel Merica’s solution: HNO3;(70 pct) 
Tron 


50cc; CH;COOH (50 pct) 50cc 
2 pet nital 
All etchants were applied by flooding. 
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FIG 3—Particles of carbonyl iron powder illustrating differences in grain size. X 10,000. Slightly reduced in reproduction. 


ner for metallographic work through 
emery papers, silk cloth and velvet. 
The usual precautions to prevent re- 
moval of inclusions from metallo- 
graphic specimens had to be observed; 
consequently most of the polishing was 
carried out on the silk wheel with 
alumina from Linde Air Products Co. 
as an abrasive. Either formvar or par- 
lodion replicas could be stripped from 
the surface and shadow-cast as is 
customary. 
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Results 


Fig 1 shows sections through par- 
ticles of a sample of tungsten powder. 
The shape and microstructure of the 
particles are clearly visible. Evidently 
many aggregates actually consist of 
small particles sintered together; the 
sintering probably took place during 
reduction of the tungsten oxide in the 
preparation of the metal! powder. The 


resolution power of the light micro- 
scope is not sufficient to permit such an 
observation. Examination with the’ 
electron microscope of the powder dis- 
persed in the supporting film also fails 
to indicate whether the aggregates con- 
sist of separate particles just touching 
one another or of particles bonded 
together into actually much larger 
particles. 

Fig 2 shows sections through par- 
ticles of a sample of carbonyl nickel 
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FIG 4—Particles of carbonyl iron powder illustrating differences in the structure. X 10,000. Slightly reduced in reproduction. 


powder. In this case, the large specific 
area of the powder is evidenced by the 
jagged outline of the particles. Again 
the resolution power of the light micro- 
scope is too low to reveal the surface 
condition of the particles of such a 
powder. Examination with the electron 
microscope of the powder dispersed in 
the supporting film would also fail to 
bring out the surface details of the 
powder or would, at least, show them 
less clearly than replicas of the sections 
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do. 

Fig 3, 4 and 5 show sections through 
particles of a sample of carbony! iron 
powder. The shape and microstructure 
of the particles are again clearly visible. 
The diversity in grain size and struc- 
ture of the particles of a small sample 
of a powder is striking. Fig 3 illustrates 
differences in grain size; Fig 4 brings 
out differences in the structure of par- 
ticles with the characteristic “onion 
skin’ appearance: Fig 5 is a micro- 


graph of the same particle as Fig 4a at 2 
higher magnification; it emphasizes the 
presence of two finely dispersed con- 
stituents which are alternately in larger 
proportions forming concentric darker 
and lighter rings. The number and 
sharpness of the structural details visi- 
ble with the electron microscope is 
greatly increased over those brought 
out with the ordinary microscope. From 
observations with the ordinary micro- 
scope, for instance, one might be temp 
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ae 


FIG 5—Particles of carbonyl iron powder. Micrograph of Fig 4a at a higher 


ted to exaggerate the occurrence of 
particles with an “onion skin” structure 
and to attribute the absence of such a 
structure in a large number of particles 
to improper etching. Really many par- 
ticles consist of polyhedral grains of 
iron too small to be resolved with the 
light microscope. 


Conclusions 


The micrographs in this paper prove 
that the application of the electron 
microscope to the study of fine metal 
powders can be extended to the exami- 
nation of sections of the particles. The 
microstructure of such particles can 
thus be revealed beyond the range of 
resolution of the light microscope. 
Added information can also be obtained 
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magnification. < 15,000. 


on the size, shape and surface condition 
of metal particles by a study of their 
cross-sections with the electron micro- 
scope over the information obtainable 
with the same instrument from a study 
of the powders dispersed in supporting 
films. 
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The Effect of Ferrite Grain Size 


on Noteh Toughness 


J. M. HODGE,* R. D. MANNING,* Members AIME, and H. M. REICHHOLD* 


Introduction 


THE work reported in this paper 
represents the first of a series of investi- 
gations of the factors governing notch 
toughness in ferritic materials. This 
paper is concerned with two of these 
factors, namely, the effect of ferrite 
grain size, and the effect of an alloy 
content of 3.64 pct nickel. Every effort 
has been made to hold other variables 
constant in order to isolate the effects 
of these two. The compositions chosen 
for study were 0.02 pct carbon in order 
to eliminate the variable of carbide dis- 
tribution, one steel being a plain carbon 
steel and the other alloyed with 3.64 pct 
nickel. Both steels were fully killed with 
silicon, without an aluminum addition, 
so that the variable of deoxidation 
practice was held constant. Finally, all 
samples were water quenched from 
1200°F and tempered 24 hr at 300°F in 
order to hold the quench aging vari- 
able constant and to decrease the 
tendency for grain boundary carbide 
precipitation. 

The ferrite grain size was varied by 
heat treatment over the range of 
A.S.T.M. grain size numbers of about 
2 to 6 in each steel so that the effect 
could be evaluated individually and 
the notch toughness of each steel could 
be compared at comparable ferrite 
grain sizes. 
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Table 1. . . Composition of Steels—Per Cent 


Al 
(acid sol.) | N* o* 


0.009 
0.011 


0.018 
0.017 


0.019 
0.018 


0.002 
0.005 


0.009 
0.006 


* By vacuum fusion analysis. 


Materials and Experi- 
mental Procedure 


MATERIALS 


The materials for this investigation 
were obtained from Battelle Memorial 
Institute as 250 lb induction melts 
which were forged into 114 in. square 
bars and then rolled into 0.6 in. square 
bars. Both steels were deoxidized with 
silicon, the aluminum content being 
held to a minimum. Check analyses of 
these materials are shown in Table 1. 


HEAT TREATMENT FOR GRAIN 
SIZE 


The grain size was varied by varying 
both the cooling rate and the austeni- 


Cleveland Meeting, October 1949. 

TP 2553 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before Dec. 15, 1949. Manu- 


script received Noy. 1, 1948; revision 
received Dec. 18, 1948. 

* Carnegie Illinois Steel Corpor- 
ation. 


tizing temperatures. The heat treat- 
ments used and the corresponding 
grain size values are tabulated in 
Table 2. 

A semicontinuous network of grain 
boundary carbide was observed in the 
microstructure of both the plain carbon 
and nickel steels in the as rolled condi- 
tion and an additional heat treatment 
was necessary to eliminate this varia- 
ble. Therefore, all samples were water 
quenched from 1200°F and tempered 
24 hr at 300°F as a final treatment 
before testing. This heat treatment 
served to eliminate to a great extent 
the grain boundary carbide network 
and to hold the quench aging effect 
constant. 


IMPACT TESTING 


Standard keyhole Charpy impact 
tests were machined after heat treat- 
ment. A bath of acetone and dry ice 
was used for refrigeration of the sam- 
ples down to temperatures of —94°F 
(—70°C) and a bath of either methyl- 
cyclohexane or isopentane, cooled by 
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FIG 1—Microstructure of rapidly cooled plain carbon steel, Heat 3539, Code C, 
illustrating ferrite grain size of 5. Nital etch. x 100. 


FIG 2—Miicrostructure of rapidly cooled plain carbon steel, Heat 3539, Code C. 


Nital etch. < 1000. 


Table 2... Summary of Heat Treatments and Corresponding Hardness 
Ferrite Grain Size, and Transition Temperature 


Austeni- , bea 
Aes Hard-| Ferrite Transition 
Heat Code Toe Cooling Method ness Grain Temper- 
2 lace OR Rs | Size No. ature, °F 
3539 B 1800 ovenenet in lead at 1300°F, held 2 hr—air 61 5 (4-6) | — 88 + 12 
coole: 
3539 Cc 1700 | Quenched in lead at 1000°F, held 15 min.— | 63 5-(4-6) | — 82 + 12 
air cooled 
3539 M 1700 Quenched in brine 63 5 (4-7)| — 73 + 14 
3539 K 2000 Quenched in brine 62 3-4 (2-5) | — 20 + 35 
3539 Ss AS ROLLED 62 3—4 (3-5) | — 39 + 16 
3539 A 1800 Furnace cooled at 20°F per hr to 1000°F— 48 2-3 (2-4)| — 12 +17 
air cooled 
3539 R 2000 Furnace cooled at 20°F per hr to 1000°F— 51 1-2 (0-3) | + 45 + 25 
air cooled 
3537 Vv 1650 | Quenched in brine HU 6 (5-7)| —177 417 
3537 N 1650 Air cooled 76 6 (5-7) | —171 + 19 
3537 E AS ROLLED HU 5 (4-6) | —133 + 14 
3537 H 1950 rod in lead at 1100°F, held 2 hr—air 76 |4-5(4-6)| —112 + 16 
coole 
3537 D 2200 Furnace cooled at 20°F per hr to 1000°F— 12 3 (2-4)| — 85 + 13 
air cooled 
3537 T 2400 | Furnace cooled at 20°F per hr to 1000°F—| 73 2 (0-4) | — 57 + 16 
air cooled 


After above treatments all bars were heated at 1200°F for one- 
were heated for 24 hr at 300°F and air cooled. 


half hour and water quenched, and then 


Numbers in parentheses under Ferrite Grain Size Number refer to the range of grain sizes present. 
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liquid nitrogen, was used for the lower 
temperatures. Wherever possible, three 
tests were broken at a given tempera- 
ture. In the vicinity of the beginning 
and ending of the transition tempera- 
ture range, testing was conducted in 
such a way as to restrict the testing 
interval to 10°F. The appearance of the 
fracture was noted on each test and 
was recorded in terms of the percent of 
the area which showed a cleavage type 
of fracture. 


ESTIMATION OF FERRITE GRAIN 
SIZE 


The ferrite grain size was estimated 
by comparison of the microstructure 
at a magnification of 100 with standard 
grain size charts. The grain size re- 
ported is the predominant grain size, 
as a range of grain sizes was present 
in most samples. The values represent 
an average of the estimations of three 
independent observers. 


HARDNESS MEASUREMENT 


Rockwell B hardness measurements 
were made on impact samples from 
each heat treatment. 


END-QUENCH TESTS 


Standard 14 in. end-quench tests, 
austenitized at 1700°F, were made on 
each steel to study the effect of cooling 
rate on ferrite grain size. Ferrite grain 
size as a function of the distance from 
the quenched end of the bar was deter- 
mined by metallographic examination. 


Results and Diseussion 


MICROSTRUCTURE 


Typical microstructures of the two 
steels after the final treatment are 
shown in Fig 1-4. 


RELATIONSHIPS AMONG FERRITE 
GRAIN SIZE, NICKEL CONTENT, 
TRANSITION TEMPERATURE AND 
IMPACT VALUES 


Plots of the impact values as a func- 
tion of testing temperature for each of 
the steels at each grain size value are 
shown in Fig 5-17. The corresponding 
transition temperature was determined 
from each of these plots. This was de- 
fined as the middle of the temperature 
range over which an impact value of 
40 ft-lb was obtained. These tempera- 
tures and the temperature ranges at 40 
ft-lb for each of the conditions are 
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tabulated in Table 2. The value of 40 
ft-lb was chosen as a criterion inasmuch 
as most of the actual test results fell 
either below or above this value and it 
therefore represents the point at which 
the energy is changing most rapidly 
with changes in transition temperature. 

The transition temperature values 
for the two steels are plotted as a func- 
tion of ferrite grain size in Fig 18. A 
straight line relationship between fer- 
rite grain size and transition tempera- 
ture for each of the steels is indicated 
by these results. An increase of ferrite 
grain size of one A.S.T.M. grain size 
number is thus seen to raise the transi- 
tion temperature by 30°F in each steel. 
The transition temperature of the 3.64 
pet nickel steel is, however, 60°F lower 
at a given ferrite grain size than the 
plain carbon steel, even though the 
nickel steels are at a somewhat higher 
hardness level. Inasmuch as the other 
variables were held constant, this 
improvement in notch toughness, rep- 
resented by the lower transition tem- 
peratures of the nickel steels, is 
apparently a specific effect of nickel 
as an alloying element in ferrite. 

The average impact values at room 
temperature for both steels are plotted 
as a function of ferrite grain size in 
Fig 19. A fair correlation also exists 
between these room temperature values 
and ferrite grain size, an increase in 
ferrite grain size of one A.S.T.M. grain 
size number decreasing the impact 
value by approximately 8 ft-lb. This 


relationship, however, appears to be- 


independent of nickel content, as the 
nickel steel does not show consistently 
higher impact values than the plain 
carbon steel at a given grain size level. 


FACTORS GOVERNING FERRITE 
GRAIN SIZE 


The range of ferrite grain sizes stud- 
ied in this investigation was obtained 
by varying both the austenitizing tem- 
perature and the cooling rate. The 
relationships among austenitizing tem- 
perature, cooling rate and ferrite grain 
size for the steels of this investigation 
are summarized in Fig 20. It was found 
that, at a constant cooling rate, the 
ferrite grain size changed rather slowly 
with changes in austenitizing tem- 
perature, an increase in austenitizing 
temperature from 1800 to 2000°F corre- 
sponding to an increase in ferrite grain 
size of about one grain size number. 
Increasing the cooling rate, however, 
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FIG 3—Microstructure of rapidly cooled nickel steel, Heat 3537, Code N, illus- 
trating ferrite grain size of 6. Nital etch. X 100. 
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FIG 4—DMiicrostructure of rapidly cooled nickel steel, Heat 3537, Code N. Nital 
etch. < 1000. 


was much more effective in decreasing 
the ferrite grain size of the plain carbon 
steel than that of the nickel steel. In- 
creasing the cooling rate from a furnace 
cool at 20°F per hr to a brine quench, 
decreased the ferrite grain size of the 
plain carbon steels by approximately 
two grain size numbers, while a similar 
change in cooling rate resulted in a 
decrease of only one grain size number 
for the nickel steel. 

The effect of cooling rate on the fer- 
rite grain size in the two steels was 
further evaluated by end quench tests. 
One-half inch diameter specimens were 
used because of the size limitation, and 
the standard procedure for 14 in. end 
quench tests was followed. The speci- 
mens of both steels were austenitized 


at 1700°F, and the results are plotted 
in Fig 21 in terms of ferrite grain size 
as a function of distance from the 
quenched end. Here again, the plain 
carbon steel shows a much more pro- 
nounced effect of cooling rate on ferrite 
grain size than does the nickel steel. 
The above results are explainable on 
the basis that the ferrite grain size for a 
given austenite grain size reflects the 
average temperature at which ferrite 
precipitates during cooling. The slower 
transformation rate of the nickel fer- 
rite would thus result in a lower average 
temperature of ferrite precipitation at 
a given cooling rate and a correspond- 
ingly smaller, final ferrite grain size. 
Furthermore, the differences in the 
effect of cooling rate on ferrite grain 
235 
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FIG 5—Impact-temperature curve for plain carbon steel at a ferrite 
grain size of 5. 
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FIG 7—Impact-temperature curve for plain carbon steel at a ferrite 
grain size of 5. 
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FIG 6—Impact-temperature curve for plain carbon steel at a ferrite 
grain size of 5. 
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FIG 13—Impact-temperature curve for nickel steel at a ferrite grain FIG 14—Impact-temperature curve for nickel steel at a ferrite grain 
size of 6, size of 5. 
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FIG 15—Impact-temperature curve for nickel steel at a ferrite grain FIG 16—Impact temperature curve for nickel steel at a ferrite grain 
size.of 4-5, - size of 3. 
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FIG 19—Energy absorption at room ‘temperature as a function of © i 
size and cooling rate. 
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Effect of Reerystallization Texture on Grain Growth 


By PAUL A. BECK,* Member AIME, and PHILIP R. SPERRY* 


Ir has been shown! that in poly- 
crystalline strips of high purity alumi- 
num with a fairly random orientation 
distribution, grain growth progresses 
gradually until the average grain 
diameter reaches a value approximately 
equal to the strip thickness. Recent 
work at this laboratory led to the 
realization that grain growth might be 
impeded to a considerable extent in the 
presence of a sharply defined texture, 
where orientation differences between 
neighboring grains are small. 

In order to investigate this effect 
the following experiment was carried 
out with the same lot of high purity 
aluminum previously used for grain 
growth studies in randomly oriented 
material.! Very large grain size was 
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developed by grain growth at 650°C in 
specimens of 0.200 in. thickness. These 
specimens were then rolled to a thick- 
ness of 0.050 in. or 1.25 mm—a reduc- 
tion of 75 pct. In the rolled strip each 
large grain corresponded to an elon- 
gated area easily identified by etching. 
After annealing for 1 to 25 min at 
600°C and re-etching, these elongated 
areas were again recognizable. Within 
each area, corresponding to a single 


Technical Note 13. Manuscript re- 
ceived Noy. 22, 1948. 

* Associate Professor and Metal- 
lographer, respectively, Department 


of Metallurgy, University of Notre 
Dame. 

1 References are at the end of the 
paper. 


size would be expected to be larger at 
the slower cooling rates inasmuch as 
the differences in transformation rates 
to ferrite between nickel and plain car- 
bon steels are generally more pro- 
nounced at the higher transformation 
temperatures. 


Conclusions 


1. The keyhole notch Charpy transi- 
tion temperature of 0.02 pct carbon 
steels is a straight line function of the 
ferrite grain size, the transition tem- 
perature being raised 30°F by an in- 
crease in ferrite grain size of one 
A.S.T.M. grain size number. 

2. The keyhole notch Charpy transi- 
tion temperature is lowered 60°F at a 
constant ferrite grain size in 0.02 pct 
carbon steels by alloying with 3.64 pct 
nickel. 

3. The room temperature impact 
value in the keyhole Charpy impact 
test for each steel is also a function of 
the ferrite grain size, increasing as the 
grain size decreases. 

4. At a given ferrite grain size, the 
room temperature impact value in the 
keyhole Charpy impact test is unaf- 
fected by alloying with 3.64 pct nickel. 


large grain before annealing, there 
formed by recrystallization a multitude 
of new grains with a fairly well de- 
veloped preferred orientation. The 
orientation and the size of the new 
grains formed in areas corresponding 
to different large grains, varied widely 
depending on the orientation of the 
parent grains with respect to the rolling 
direction and the plane of rolling. Many 
areas were found where the average 
grain size was considerably smaller 
than the specimen thickness. Such an 
area occurred in a specimen cut in half 
before annealing. One half, containing 
a portion of the area in question, was 
annealed 1 min at 600°C, the other 
half, with the remaining portion of this 
area, for 25 min at the same tempera- 
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ture. It was apparent that the anneal- 
ing time had very little effect on the 
size of the small grains produced by 
recrystallization from a single large 
grain of the original rolled specimen. 
They possessed a very well developed 
preferred orientation, which made it 
somewhat difficult to detect the grain 
boundaries for accurate grain size de- 
termination. However, after some ex- 
perimentation, it was found possible to 
make fairly accurate determinations. 
These are presented in the Table 1, 
which also includes for comparison the 
grain sizes obtained by similar anneals 
in specimens from the same bar of 
aluminum, rolled to the same final 
thickness, but exhibiting little preferred 
orientation (penultimate condition: fine 
grained, polycrystalline; last reduction: 
33 pct). 


Table 1... Effect of Annealing 


Time and Orientation on Grain Size 


Average Grain Size, mm 


Aaneing 5 
onditions trong 
Preferred apaesiom 
Orientation n a 
1 min at 600°C..... 0.33 0.61 
25 min at 600°C.... 0.36 1.0 


The fact that with a strong texture the 
grain size remained practically con- 
stant from 1 to 25 min at 600°C, ata 
value much smaller than the specimen 
thickness, proves that in a_ highly 
oriented aggregate of crystals, grain 
growth is greatly reduced, if not en- 
tirely impeded. It is quite possible that 
this reluctance of grains to grow, even 
though they are small, when their 
orientations are very nearly the same, 
is a result of the low surface tension 
values associated with grain boundar- 
ies under such conditions.? 

The close connection between a cer- 
tain type of coarsening and the inhibi- 
tion of gradual grain growth by a 
dispersed second phase has been known 
for a long time.? These relationships 
wererecently explored in a quantitative 
and rather detailed manner.* However, 
from the results of Dahl and Pawlek® 
and of Cook and Macquarie® it may 
be concluded!’ that in certain metals 
coarsening may also occur without a 
dispersed second phase, provided that 
the conditions of penultimate grain 
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FIG 1—Partially coarsened tough pitch copper 
specimen, cold rolled 90 pct, annealed 3 min. at 
1000°C. Magnification 5 X. (Reduction approxi- 
mately one-half.) 


size, of amount of reduction by rolling, 
and of composition are such that a 
strongly developed cube texture results 
upon recrystallization. This texture, in 
which the fine recrystallized grains 
have very closely identical orientation, 
appears to resist gradual grain growth 
up to relatively high temperatures. In 
copper with the cube recrystallization 
texture, extremely coarse grains ab- 
ruptly develop when the temperature 
is raised to approximately 1000°C (see 
Fig 1). These very large grains have a 
fairly well developed preferred orienta- 
tion of their own,* 8 different from that 
of the fine grained recrystallized matrix 
in which they grow. This fact may be 
interpreted as an indication that in a 
highly oriented fine grained matrix, the 
rate of growth of a grain strongly de- 
pends on its orientation with respect to 
the preferred orientation of the matrix. 
The alternative interpretation, namely, 
that the preferred orientation of the 
coarse grains is a result of the presence 
in the matrix of ‘‘nuclei” of a certain 
orientation only® appears less convinc- 
ing. It seems justified to assume that 
‘‘texture-dependent coarsening”’ is in- 
timately connected with the above 
described restraint of gradual grain 
growth by virtue of a strongly devel- 
oped texture, just as “‘inhibition- 
dependent coarsening”? is connected 
with grain growth inhibition by a dis- 
persed second phase. 


This work was supported by the 
Office of Naval Research, Contract No. 
N6 ori-165, T.O. no. 1. 
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Atuminum killed low carbon steel,§ 
which is now used extensively . for 
severe deep drawing or other difficult 
forming operations, is unusual in that 
its grain structure, after cold reduction 
and box annealing in accordance with 
conventional continuous sheet or strip 
mill practice, often is elongated, al- 
though at times it is equiaxed. Since 
this unusual structure has been found 
superior for many, but not all, severe 
forming operations, recrystallization of 
the steel, both at constant temperature 
and on continuous heating, was investi- 
gated and compared with that of 
rimmed steel in the hope that some- 
thing -might be learned about the 
mechanism of, and the factors con- 
trolling, the formation of such elon- 
gated grains. 

In this structure, the grains are 
elongated both in the lengthwise direc- 
tion of the strip and transverse to this 
direction, even though nearly all of the 
extension in both hot and cold rolling 
is in the lengthwise direction. The 
grains are thus roughly pancake- 
shaped, being longer: and wider than 
they are thick, as observed also by 
Burns and McCabe,! and as illustrated 
by the typical structures shown in Fig 
1. Fig la, representing a conventional 
longitudinal section, shows the length 
and thickness of the grains, whereas 
Fig 1b shows their length and width as 
seen by examining a section parallel 
to the sheet surface. Both illustrate the 
very irregular grain boundaries usually 
associated with the elongated grain 
shape. A finer equiaxed grain structure 
in this same grade is shown in Fig le. 
Hither the elongated or the equiaxed 
structure may be present in the an- 
nealed product, and in rare instances 
the two types may coexist in a single 
specimen, as shown in Fig 1d. 
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Table 1 . . . Composition of Steels Investigated 


Composition—Pct* 


Steel Type 

C |}Mn| P iS) Si Al | ALO: 
A Rimmed Hot rolled strip 0.095 in. thick 0. 07/0. 36/0. 008/0. 024/0. 008)0.008} 0.605 
B_ | Al. Killed | Hot rolled strip 0.075 in. thick 0. 05/0. 32/0.010)0.025/0.010/0.09 | 0.008 
Cc Al. Kitled | Hot rolled strip 0.075 in. thick 0.04/0.34/0.010/0.023/0.008) + 
D | AL. Killed | Hot rolled strip 0.085 in. thick 0.05 0.30)0.012/0.028/0.008)0.08 | 0.008 
E Al. Killed | Hot rolled strip 0.085 in. thick 0.05|}0.32/0.010/0.022/0.010)0. 08 0.007 
F_ | Al. Killed Cod rolled strip 0.053 in. thick (40 pct |0.05/0.33/0.008/0.023/0.010) + tT 

red. 
G | AL. Killed Cold rolled strip 0.053 in. thick (45 pet |0. 05/0. 33/0. 006/0.023/0.008/0.05 | 0.012 
d : 

H | Al. Killed 0.39/0.007/0.021/0.006/0.06 | 0.014 


red. 
Cold rolled strip 0.053 in. thick (45 pct |0.06 
red.) 


* Values underlined are check analyses, others are heat analyses. : 
+ Al and Al.O; in these steels not determined but the heats were made by the same practice as the 


other aluminum killed steels. 


Isothermal Reerystalliza- 
tion of Rimmed and Alumi- 
num Killed Steel 


An aluminum killed steel known to 
have an elongated grain structure after 
conventional processing (Steel B, Table 
1), was selected for the initial recrys- 
tallization studies; for comparison, a 
rimmed steel, A in Table 1, was used. 
Samples of each in the form of hot 
rolled strip 0.075 and 0.095 in. thick, 
respectively, were cold rolled on a small 
laboratory mill in steps of about 0.010 
in. per pass to obtain total reductions 
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of 40 and 60 pct. Small pieces of the 
cold reduced strip were heated in lead 
at selected constant temperatures for 
one of several periods of time, then 
cooled in air. Rate of heating in the lead 
was, of course, very fast. Hardness 
of the cooled specimen was measured 
and a longitudinal section examined 
metallographically. 

Isothermal recrystallization curves 
for these two steels at 1050°F, based 
on hardness of the air cooled specimens, 
are shown in Fig 2 in which the amount 
of recrystallization corresponding to 
each plotted point is indicated. The 
marked difference in the behavior of 
these two types of steel is evident. 
After a corresponding amount of cold 
reduction, the rimmed steel recrys- 
tallizes in a much shorter time than 
the killed steel and the shape of its 
recrystallization curve, (plotted on a 
logarithmic time scale), is very differ- 
ent. The curve for rimmed steel indi- 
cates that recrystallization is analogous 
to isothermal transformation of aus- 
tenite in that it proceeds at a progres- 
sively faster rate up to some 50 pct 
recrystallization, then at an increas- 
ingly slower rate. For the aluminum 
killed steel, however, the start of 
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recrystallization is followed by a 
period during which little further 
change occurs, after which recrystalli- 
zation of the remaining cold worked 
metal proceeds at a relatively fast rate. 
The hardness curve thus exhibits an 
initial gradual drop, then a nearly 
horizontal portion or ‘‘shelf” and 
finally a rather sharp drop. The “‘shelf”’ 
is lowered by increased cold reduction 
and, as discussed later, by increased 
temperature. 

These two types of steel also differ 
considerably in microstructure both 
during and after recrystallization, as 
shown in Fig 3 and 4. In rimmed steel, 
Fig 3, the first recrystallized grains are 
nearly equiaxed, and remain so as they 
grow and new grains continue to form. 
In the aluminum killed steel however, 
Fig 4, the small new grains, which may 
be equiaxed as first formed, become 
elongated as they grow, apparently be- 
cause resistance to growth in the 
thickness direction of the sheet is 
greater than in the lengthwise or cross- 
wise direction. Both rate of growth and 
rate of formation of new grains (nuclea- 
tion) are much less in the aluminum 
killed than in the rimmed steel. 

Grain growth restraint in the alumi- 
num killed steel appears to be greatest 
at boundaries of the cold worked grains, 
as illustrated in Fig 5. Even in the 
rimmed steel, Fig 5a and 5b, there is 
some tendency for grain growth to stop 
at former grain boundaries but this 
tendency is much more marked in the 
killed steel, Fig 5c and 5d. This grain 
boundary restraint, together with the 
relatively slow rate of nucleation in this 
type of killed steel, apparently is re- 
sponsible for its relatively coarse 
elongated grain structure after recrys- 
tallization. The presence of thorium 
oxide particles, similarly, has been 
shown to restrain grain growth and 
result in an elongated grain structure 
in recrystallized tungsten wire.? It still 
is not clear, however, why grain growth 
of aluminum killed steel is restrained 
more effectively in the thickness direc- 
tion than it is in the lengthwise or 
crosswise direction of the sheet, as it 
must be if such restraint is responsible 
for the plate-like shape of the recrys- 
tallized grains. This effect suggests the 
possible presence in the steel of fine 
particles distributed more or less in 
layers parallel to the sheet surface. 

As expected, increased cold reduction 
reduces the time required for complete 
recrystallization of either of the steels 
represented in Fig 2 and increases their 


hardness as fully recrystallized. This — 
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FIG 1—Types of microstructure observed in aluminum killed steel after cold 
reduction and box annealing. 100 X. Nital etch. 


a. Typical elongated grains, conventional longitudinal section. b. Same specimen as a 
but section parallel to sheet surface. c. Equiaxed ferrite grains, longitudinal section. d. 
Equiaxed grains (top) and elongated grains in a single specimen. 


increased hardness is due to a finer 
grain size, as illustrated in Fig 6. For 
the same amount of prior cold reduc- 
tion the killed steel, with its elongated 
grain structure, is softer, and its grain 
size coarser, than the equiaxed rimmed 
steel. 


Effect of Temperature of 
Isothermal Reerystalli- 
zation 


The effect of temperature on rate of 
isothermal recrystallization was inves- 
tigated, again using rimmed steel A and 
killed steel B of Table 1, each cold 
reduced 40 pct. For rimmed steel, Fig 
7a, the shape of the recrystallization 
curve is not altered appreciably by 
change in temperature, although as 
would be expected the time required 
for a comparable amount of recrystalli- 


zation is less the higher the tempera- 
ture. Fig 7a shows that over the range 
1000 to 1100°F, hardness of this 
steel after complete recrystallization is 
nearly independent of recrystallization 
temperature; final grain‘ size, likewise, 
was found to be about the same for all. 

The effect of temperature, in the 
range 1050 to 1200°F, on isothermal 
recrystallization of the aluminum killed 
steel is shown in Fig 7b. At each tem- 
perature investigated, the amount of 
recrystallization remains nearly con- 
stant over an appreciable period of 
time, resulting in a “‘shelf”’ in the re- 
crystallization curve. The amount of 
recrystallization corresponding to this 
shelf increases, and the time to attain 
it decreases, with increased tempera- 
ture. Duration of the shelf period also is 
shorter the higher the temperature. 
Hardness of this steel as fully recrys- 
tallized increases as the recrystalliza- 
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FIG 2—Rate of isothermal recrystallization of rimmed steel A and aluminum killed steel B 
at 1050°F after 40 pct and after 60 pct cold reduction. 


for 20 min. or 2 hr prior to cold re- 
duction is shown-in Fig 9. Holding 
2 hr at 1000°F had little effect on 
the final structure, but 2 hr at 1100°F 
resulted in a mixed elongated and 
equiaxed structure, whereas holding 


tion temperature is raised, Fig 7b, the 
higher hardness resulting from a finer, 
more equiaxed grain structure, as 
shown in Fig 8. 

The aluminum killed grade thus 
differs from rimmed steel in requiring a 
longer time for complete recrystalliza- 
tion at comparable temperature, in 
having a “‘shelf”’ in its isothermal re- 
crystallization curve, and in becoming 
finer grained as the recrystallization 
temperature is raised. 


Effeet of Treatment Prior 
to Cold Reduction 


Early in this investigation, it was 
discovered that normalizing the alumi- 
num killed steel at about 1700°F after 
hot rolling, but before cold reduction, 
resulted in an equiaxed rather than an 
elongated grain structure after subse- 
quent cold reduction and box anneal- 
ing. This observation led to a more 
extensive study of the influence of such 
heating prior to cold reduction on final 
grain structure. 

Specimens of steel B of Table 1, in 
the form of hot rolled strip 0.075 in. 
thick, were heated at each of a series of 
temperatures for 20 min. then air 
cooled. Another set was prepared in 
which the heating time was 2 hr. The 
specimens of both sets were then cold 
reduced 40 pct in thickness, using a 
small laboratory rolling mill, after 
which they were annealed 16 hr at 
1275°F in a protective atmosphere. 
The laboratory annealing cycle simu- 
lated commercial box annealing prac- 
tice, both heating and cooling rates 
being in the range of 20—-50°F per hour. 
Microstructure, after cold reduction 
and annealing, of the specimens heated 
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2 hr at 1200°F or above resulted in 
a final structure that is almost entirely 
equiaxed. 

The change in grain structure, as 
box annealed, from elongated to equi- 
axed is accompanied by an appreciable 
increase in hardness of the annealed 
material. Fig 10 shows the relationship 
between temperature of heating, prior 
to cold reduction, and hardness of the 
subsequently cold reduced and box an- 
nealed product. The two curves in Fig 
10 are for 20 min. and 2 hr at tempera- 
ture in the initial treatment, and show 
that the longer time lowers the tem- 
perature range over which the change 
in final structure and hardness takes 
place. Fig 11 shows that prior heating 
for as long as 24 hr at 800 or 1000°F 
had no appreciable effect on final 
hardness whereas 2 hr at 1200°F or 
5-10 min. at 1300°F increased hardness 
of the cold-rolled, annealed material to 
a maximum; this maximum hardness 
corresponds to a substantially equi- 
axed grain structure. Fig 10 and 11 
thus demonstrate that the change in 


FIG 3—Progress of isothermal recrystallization of rimmed steel A at 1050°F after 
60 pct cold reduction. 500 X. Nital etch. 


a. 2 min. b, 4 min. c: 8 min. d. 12 min. 
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structure and hardness as annealed is 
dependent upon both time and tem- 
perature of the treatment prior to cold 
reduction, the time required being 
shorter the higher the temperature, 
within the range investigated. 

The foregoing observations indicate 
that slow rather than rapid cooling of 
this aluminum killed steel directly fol- 
lowing hot rolling should yield an 
equiaxed grain structure after subse- 
quent cold reduction and annealing. 
This was confirmed by cooling samples 
at three rates after heating to 2150°F 
and hot rolling from 0.15 to 0.085 in. 
(43 pct reduction) in a single pass 
through a small laboratory rolling mill. 
The three rates of cooling were ob- 
tained by: (1) quenching in oil, (2) 
cooling in air, and (3) placing in a fur- 
nace at 1500°F immediately after hot 
rolling and cooling with the furnace 
(1 hr to cool from 1500 to 1350°F). 
After cold rolling 40 pct and box an- 
nealing 16 hr at 1275°F, grain structure 
of the previously oil quenched or air 


cooled samples was elongated, whereas 
that of the slow-cooled sample was 
equiaxed, as shown in Fig 12. 

The foregoing experiments demon- 
strate that the thermal history between 
hot rolling and cold reduction is an im- 
portant factor in determining whether 
the grain structure of this aluminum 
killed steel, when recrystallized after 
cold reduction, will be elongated or 
equiaxed. Either slow cooling from the 
temperature at which hot rolling is 
finished, or suitably reheating more 
rapidly-cooled strip leads to the forma- 
tion of equiaxed grains in the final 
annealed product similar to those com- 
monly found in box annealed rimmed 
steel. This raised the question whether 
the recrystallization of ‘‘equiaxed”’ 
aluminum killed steel may not also 
resemble that of rimmed steel, rather 
than being much more sluggish as is 
characteristic of the elongated-grain 
type (Fig 2 and 7). To answer this 
question, suitable samples cold rolled 
40 pct were recrystallized isothermally 


FIG 4—Progress of isothermal recrystallization of aluminum killed steel B at 


1050°F after 60 pct cold reduction. 500 . Nital etch. 
j a. 8 min. b. Lhr.c. 4 hr. d. 5 hr. 
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at 1050°F, with results shown in Fig 
13 and 14. 

To determine the effect of cooling 
rate on isothermal recrystallization at 
1050°F, Fig 13, specimens of steel D, 
Table 1, were hot rolled in regular pro- 
duction, and cooled rapidly to about 
1330°F; a portion was then cooled 
slowly below this temperature, whereas 
another portion was cooled much more 
rapidly. The rapidly cooled portion, 
subsequently cold rolled and com- 
pletely recrystallized at 1050°F, had an 
elongated grain structure, and, as 
shown in Fig 13, its recrystallization 
curve exhibits the “shelf” characteris- 
tic of such material. The more slowly 
cooled strip when cold reduced and 
recrystallized had an equiaxed grain 
structure like that of rimmed steel; the 
recrystallization curves for this and for 
the rimmed steel in Fig 13 likewise are 
similar in shape, although the killed 
steel recrystallized somewhat more 
slowly. Fig 14 shows the effect of re- 
heating to 1300°F after hot rolling on 
isothermal recrystallization after cold 
reduction, the steel being the same 
aluminum killed steel as in Fig 2. The 
effect of this treatment on recrystalli- 
zation is the same as that of slowly 
cooling the strip directly after hot roll- 
ing; recrystallization proceeds more 
rapidly, and in more continuous fashion 
than when the strip is cooled rapidly 
after hot rolling and is not reheated. 
Final recrystallized grain structure of 
this steel previously heated at 1300°F 
before cold reduction was equiaxed, 
whereas without such treatment it was 
elongated. 

Fig 13 and 14 thus demonstrate that 
when the treatment of aluminum killed 
steel prior to cold reduction is such that 
the final recrystallized grain structure 
is equiaxed rather than elongated it 
recrystallizes more readily and its 
recrystallization curve exhibits no 
“‘shelf,”’ thus resembling rimmed steel 
in these respects. 


Reerystallization on Con- 
tinuous Heating 


In regular commercial practice cold 
rolled strip or sheet is box annealed in 
the approximate temperature range 
1200-1350°F after cold reduction. Rate 
of heating is necessarily rather slow, 
because a large amount of metal is 
annealed in each batch, and partial or 
complete recrystallization occurs dur- 
ing the heating period. Since the struc- 
ture of aluminum killed deep drawing 
245° 
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FIG 5—Comparison of microstructure of rimmed and aluminum killed steels 
partially recrystallized isothermally at 1050°F after 60 pct cold reduction. 


2000 X. Nital etch. 


a. Rimmed steel, 2 min. b. Rimmed steel, 8 min.c. Killed steel, 8 min. d. Killed steel, 4 hr. 


FIG 6—Effect of amount of prior cold re- 
duction on structure of rimmed and aluminum 


killed steels after complete recrystallization 


at 1050°F. 500 x. Nital etch. 

a. Rimmed steel cold red. 40 pct. b. Rimmed steel 
cold red. 60 pct. c. Aluminum killed steel cold 
red. 40 pet. d. Aluminum killed steel cold red. 60 
pet. Slightly reduced in reproduction. 
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sheet varies with the temperature at 
which it is recrystallized (Fig 8) it was 
decided to investigate the recrystalliza- 
of this steel on continuous heating at 
several rates, and the effect of such 
variation in heating rate on the final 
grain structure. 

For this purpose, Steels, Z, F, G, and 
H of Table 1 were used; E was cold 
reduced 40 pct in the laboratory, the 
others were cold rolled in regular pro- 
duction. Several specimens of each 
were heated at a controlled constant 
rate of 20, 50, or 300°F per hr in lead, 
starting at 700°F. As each selected tem- 
perature was reached, a specimen was 
removed from the lead and air cooled. 

Results of these tests for Steels F, G 
and H are shown in Fig 15. When 
heated continuously at 20°F per hr, 
Fig 15a, steel F started to recrystallize 
at about 1050°F but had not recrystal- 
lized completely on reaching 1150°F, 
the highest temperature investigated. 
The hardness curve for Steel G follows 
closely that for Steel F; however, G 
was completely recrystallized on reach- 
ing 1100°F. Steel H differs from the 
others in that it recrystallized over a 
considerably lower temperature range. 
Structure of all three steels after 
recrystallization was elongated. 

As would be expected, the effect of 
increasing the heating rate, Fig 156 and 
l5c, is to raise the recrystallization 
temperature range. The curve for Steel 
G heated at 300°F per hr exhibits a 
“shelf” not apparent at slower heating 
rates; the curve for Steel H also has a 
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The results of this investigation show 
Roe geen that the recrystallization of rimmed 

TIME - LOG SCALE steel at constant temperature proceeds in 
a regular and continuous manner, once 
it starts, as is already well known. On 
the other hand, the recrystallization of 
aluminum killed steel of the elongated- 
grain type takes place in three rather 
distinct stages: (1) an initial period 
resembling the start of recrystallization 
in rimmed steel; (2) a second period 
during which recrystallization proceeds 
very slowly; and (3), comparatively 
rapid recrystallization of the remaining 
unrecrystallized portion. The length of 

MINUTES HOURS . =) - 

Pet rocco e time required for complete recrystalli- 

zation is ordinarily much greater for 

FIG 7—{a. Above). Effect of temperature on rate of isothermal recrystallization of rimmed the aluminum killed steel than for 
steel A and aluminum killed steel B (b. Below). Cold reduced 40 pct. Timmed steel at a comparable tem- 
perature. Except at the very start, the 
recrystallized grains in this type of 
killed steel are definitely elongated 
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“shelf” at somewhat lower hardness. 
This latter steel is unusual in that its 
recrystallized grain structure becomes 
much finer and more nearly equiaxed 
when the rate of heating is raised from 
50 to 300°F per hr. No such effect was 
found in the other steels over the range 
of heating rate investigated. 
Differences among these steels do not 
seem to be related to their composition, 
as given in Table 1, but are believed to 
be due to differences in prior processing, 
as discussed below, although this is not 
known with certainty. 
Recrystallization on continuous heat- 
ing, like isothermal recrystallization, is 
influenced by treatment of the steel 
prior to cold reduction. Fig-16 shows 
the effect of heating Steel E, Table 1, 
20 min. at 1300°F before cold rolling 
as compared to the same steel hot 
rolled only before cold reduction. The 
1300°F treatment prior to cold reduc- 
tion lowers the recrystallization tem- $ A GAS 
perature range for each of the three | x: ee ae ey ps Ser é RS a at ts 
heating rates and results in an equi- =~ — oe : : 
axed rather than an elongated recrys- 


tallized grain structure. From this, it FIG 8—Effect of recrystallization temperature on structure of isothermally recrystallized 


appears likely that Steel 1, Big 15, was aluminum killed steel cold reduced 40 pct. 100 X. Nital etch. 
cooled after hot rolling in such a man- a. 1050°F. b. 1100°F. ¢. 1150°F. d. 1200°F. 
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FIG 9—Effect of prior heating on grain structure of aluminum killed steel B annealed 16 hr at 1275°F after 40 pct cold 


. reduction. 100 X. Nital etch. ; : : 
Treatment before cold reduction: a. None, hot rolled only. b. 2 hr at.1000°F.c. 2 hr at 1100°F. d. 2 br at 1200°F. e, 20 min. at 1300°F. 
f. 20 min. at 1650°F. 
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FIG 10—Effect of heating aluminum killed steel B for 20 min. or 2 hr at indi- 


cated temperature on hardness after subsequent cold reduction (40 pct) and box 
anneal (16 hr at 1275 °F). 
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FIG 11—Effect of time at indicated temperatures on hardness of aluminum 
killed steel subsequently cold reduced 40 pct and box annealed (16 hr at 1 275 °F). 


FIG 12—Effect of method of cooling, following hot rolling, on grain structure of aluminum killed steel after 


subsequent reduction (40 pct) and box annealing. 100 X. Nital etch. 


a. 0.085 in. thick hot rolled strip oil quenched. b. 0.085 in. thick hot rolled strip air cooled. c. 0.085 in. thick hot rolled 
strip placed in furnace at 1500° F and furnace cooled. 
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FIG 13—Effect of cooling rate after hot rolling on isothermal recrystallization of alumi- 
num killed steel D at 1050°F, following 40 pct cold reduction. Curve for rimmed steel 
_ cold reduced 40 pct reproduced from Fig 2 for comparison. 
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FIG 14—Effect of heating aluminum killed steel B at 1300°F on subsequent recrystallization 
at 1050°F following 40 pct cold reduction. 
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FIG 15—Effect of heating rate on recrystallization of aluminum killed steel during con- 
tinuous heating after 40 pct cold reduction. 


250 ... Metals Transactions MARCH 1949 


a ‘'s 2. ic eo i setae 1 Sat T T T T 17 
i 
be 
90 
S Ses S=$= 3007HR 
4 = SOLID LINES — 
taclent HOT ROLLED ONLY PRIOR 
z | mpacaytitiesee a er TO GOLD REDUCTION 
x MN HEATED AT I300F PRIOR s ‘ 
¢ MN TO COLD REDUCTION eae ce 
: 70) | 20°7HR \ 
¥ ee 
z | ‘ \ 
o \ 
| 
Zr |) LEGEND AQ J 
\ @ NO REGRYSTALLIZATION SS NG 
i @ PARTIAL RECRYSTALLIZATION 8 =8=«-s- O° ~ fT 
50r © COMPLETE RECRYSTALLIZATION aactng 
4 
| 
es ey 1 1 Af 1 
30 RT 900 950 1000 1050 1100 150 1200 250 1300 


TEMPERATURE -F 


FIG 16—Effect of prior treatment at 1300°F on recrystallization of aluminum killed steel E 
when heated continuously at 20, 50 or 300°F per hr after 40 pct cold reduction. 


whereas the grains in rimmed steel are 
predominantly equiaxed. 

An increase in temperature acceler- 
ates the recrystallization of rimmed 
steel but does not essentially change 
the shape of the isothermal recrystalli- 
zation curve; final grain size and hard- 
hess are changed to a minor extent, if 
at all. In the isothermal recrystalliza- 
tion of aluminum killed steel, increase 
in temperature increases the amount of 
recrystallization which takes place in 
the initial stage, shortens the second 
and third stages but does not eliminate 
them, and makes the grain size finer 
and more nearly equiaxed. 

The isothermal recrystallization pat- 
tern of subsequently cold reduced 
aluminum killed sheet steel may be 
made to approach that of rimmed steel 
by slowly cooling the hot rolled strip or 
by reheating it for a sufficient length 
of time to a temperature of approxi- 
mately 1200°F or above, then cooling 
at any convenient rate; the recrystal- 
lized grain size is then comparatively 
fine and the grains tend to be equiaxed. 

The recrystallization temperature 
range on continuous heating of alumi- 
num killed steel is raised by increasing 
the rate of heating and in some in- 
stances the grain structure becomes 
finer and more equiaxed. Treatments 
prior to cold reduction that result in 
an equiaxed structure on subsequent 
recrystallization lower the recrystalli- 
zation temperature range on continu- 
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ous heating. 

It was observed that when killed 
steel recrystallizes to an elongated- 
grain structure the first new grains to 
form are widely scattered and initially 
may be more or less equiaxed; as they 
grow they have considerable difficulty 
in crossing the cold-worked grain 
boundaries and consequently become 
elongated in shape like the original de- 
formed grains. Recrystallization gradu- 
ally progresses to adjacent cold-worked 
grains so that the final recrystallized 
grains are, to some extent, built up of 
elongated units which correspond to 
the original deformed grains. When 
recrystallization takes place at a com- 
paratively low temperature, the num- 
ber of locations or nuclei where new 
grains start is limited and the final 
grain size is coarse; but as the recrys- 
tallization temperature is increased, 
more nuclei form, the final grain size 
becomes finer, and the grains tend to 
be less elongated. In rimmed steel, or in 
killed steel which recrystallizes to give 
an equiaxed structure, the number of 
nuclei increases rapidly as recrystalli- 
zation progresses and becomes much 
greater than in killed steel of the 
elongated-grain type at the same tem- 
perature; resistance to growth across 
the old grain boundaries is also less; the 
result is an equiaxed grain structure 
and, generally, a finer grain size. The 
formation of coarse, elongated, recrys- 
tallized grains appears, therefore, to 


be due to some factor which reduces 
the number of effective recrystalliza- 
tion nuclei and also restrains grain 
growth. The precise nature of this 
restraining influence has not been 
established. 
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Precipitation Phenomena in the 
Solid Solutions of Nitrogen and 
Carbon in Alpha Iron below the 


Eutectoid Temperature 
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Introduction 


Dunrinc the past several years an ex- 
tensive study has been made of the 
internal friction of iron containing car- 
bon or nitrogen in solid solution.1}*»* 4° 
It has been found that a sharp peak is 
observed in a plot of the internal fric- 
tion vs. temperature of measurement. 
With a frequency of about one cycle 
per second, this peak occurs at 20°C for 
N and 36°C for C. The physical origin 
of this anomalous internal friction was 
traced by Snoek! to the local tetrag- 
onal symmetry of the interstitial posi- 
tions in body centered cubic (bcc) iron. 
A change in stress induces a change in 
the equilibrium distribution of the in- 
terstitial atoms among the three types 
of interstitial positions, the three types 
corresponding to the three directions 
along which the tetragonal axis may 
lie. It is the continual striving of the 
interstitial atoms to majntain an equi- 
librium distribution that gives rise to 
‘a phase lag between strain and stress 
during oscillation, and hence, to in- 
ternal friction. A similar type of in- 
ternal friction has been observed in the 
bec lattice of tantalum containing in 
interstitial solid solution C, N or O08. 

The theory of this anomalous in- 
ternal friction leads to the prediction 
that its magnitude is strictly propor- 
tional to the concentration of either 
the carbon or the nitrogen in solid 
solution, provided the concentrations 
are small. This prediction has been 
verified? for the range of solubilities ob- 
tainable in alpha iron. This propor- 
tionality provides us with a new tool 
for the study of nitrogen and carbon in 
alpha iron. It thus enables one directly 
to follow the precipitation of either of 
these solute atoms from solid solution 
and also directly to measure their solu- 
bility as a function of temperature. A 
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FIG 1—(Above) Fe-N equilibrium diagram (after Lehrer-Eisenhut and Kaupp?). 


preliminary study of precipitation 
using this method has already been 
presented by the author.? The purpose 
of this paper is to present more exten- 
sive observations upon the precipita- 
tion of N and C in alpha iron, as well 
as to present observations upon the 
solubility of N and C in alpha iron 
which, at least in the lower tempera- 
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ture range, are believed more accurate 
than those previously obtained by 
other methods. 

The interpretation of the observa- 
tions upon precipitation involves the 
use of the appropriate equilibrium 
diagrams. For ease of future reference 
in this paper the equilibrium diagrams 
for the Fe-N and Fe-C systems are 
accordingly reproduced as Fig 1 and 2, 
respectively. 


Experimental Procedure 


The specimens were made of West- 
inghouse Puron iron and consisted of 
wires 0.025 in. in diam and about 1 ft 
long. By a wet hydrogen treatment the 
specimens were purified of C and N. In 
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order to make internal friction meas- 
urements the wires were used as the 
suspension element in a_ torsional 
pendulum system with a period of vi- 
bration of about 1 sec. The damping is 
determined by measuring the logarith- 
mic decrement of the free torsional 
vibration using a very small vibrational 
amplitude. The apparatus is very simi- 
lar to that previously described by T. 
S. Ké.4 The wire was surrounded by a 
furnace to enable us to vary the tem- 
perature, which variation is necessary 
in locating the maximum in the internal 
friction. All data have been corrected 
for a relatively small background 
damping of Q-1 = 0.001. Here, asin the 
following, we shall take as the quanti- 
tative measure of internal friction the 
quantity Q-1, which is ° 7~' times the 
logarithmic decrement, (147) times 
the specific damping capacity. A cali- 
bration of the value of Q-! at the maxi- 
mum of the internal friction peak, 
Qmaz!, VS. resistivity, and a compari- 
son of Koster’s’ resistivity vs. concen- 
tration curves, has shown that Qn.,7! 
is equal, within the 10 pct accuracy of 
the measurements, to the wt pct con- 
centration in the case of both carbon 
and nitrogen in solid solution. 

The N was introduced in the stand- 
ard way by annealing the specimen in 
a mixture of H, and 3-5 pct (by vol- 
ume) of NH; at 580° for some hours, 
until the wire was homogeneously 
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FIG 2—(Below) Fe-C equilibrium diagram. 


loaded with N. The homogeneous dis- 
tribution throughout the specimens 
could be checked microscopically after 
precipitation. By varying the partial 
pressure of the NH; in the mixture the 
amount of N introduced could be con- 
trolled. After quenching from 580°C by 
immersion into cold water or by ex- 
posure to a compressed air stream all 
the N was retained in supersaturated 
solid solution, as was verified by vary- 
ing the quenching rate. 

The C was introduced in a similar 
way by annealing the sample at 700°C 
in a mixture of H». and benzene, fol- 
lowed by quenching in cold water. 

The introduction of N and C by this 
method has the disadvantage that 
atomic H is generated which will 
readily enter into the Fe-lattice. It is 
well known that the absorption of H 
affects the mechanical properties of Fe. 
Most of the H will diffuse out again by 
heating in a neutral atmosphere. Iron 
which was pickled in acid, and which 
had thereby taken up a large amount 
of H, did not show any contribution by 
H to the internal friction in the tem- 
perature region between —40 and 
100°C. How far the specimen may have 
been damaged by the H, for example, 
by causing small rifts and thus affecting 
the precipitation phenomena, we do 
know, but assume it is not serious. 

The general procedure was as fol- 
lows. After being quenched from the 
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nitriding or carburizing temperature to 
room temperature, the specimens were 
tempered at a definite temperature. In 
order to determine the C or N content 
still present in solid solution after 
increasing periods of tempering, the 
specimens had to be quenched to room 
temperature to measure Qmaz—1, which 
took about 5 min. The drop in Qmaz7! 
due to aging during this short interval 
was generally negligible. Sometimes the 
time intervals of tempering were 
rather short (15 sec), necessitating 
rapid heating to the tempering tem- 
perature. For this purpose hydrogen 
was used as the tempering atmosphere 
at moderate temperatures (heating 
time was 3 sec in Hz, 30 sec in air). At 
temperatures above 400°C we used He 
since the N and C content of the wire 
decreased noticeably at these tempera- 
tures in a hydrogen atmosphere. 

It was found possible to use a single 
specimen in a whole series of measure- 
ments. After aging or tempering, dur- 
ing which the N or C had been rejected 
partially or completely from solid solu- 
tion, the original state of complete 
solid solution was reestablished by 
what we shall call a re-solution heat 
treatment. This re-solution heat treat- 
ment consisted of a 580°C (or 720°C 
for C) anneal for about 1 sec and sub- 
sequent quenching. This was repeated 
more than 50 times without any change 
being noticed in the initial value of 
253 
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FIG 3—Typical room temperature aging curves; 1,2,3,4 as quenched; 4a same as 4, except 
for cold work following quench. 


Qmaz. Even after extended tempering 
times at higher temperatures no more 
than 5 sec were required to eliminate 
the tempering effects. After this re- 
solution heat treatment one could start 
again and find the measurements repro- 
duced quite satisfactorily. 


Internal Friction 
Measurements 


We first confine ourselves to the case 
of nitrogen in solid solution. A brief 
discussion of carbon in solid solution 
will be given at the end of this section. 

Fig 3 shows typical aging curves for 
four specimens. They were all slowly 
cooled from 950°C and afterwards 
loaded with different amounts of N as 
indicated by the initial Q,,..~1. After a 
re-solution heat treatment specimen 
4 has been cold worked to 48 pct reduc- 
tion in area. The corresponding aging- 
curve is denoted as 4a. These curves 
show clearly the large influence of the 
initial concentration of N and of the 
state of cold work upon the rate at 
which N is rejected from solid solution. 
To investigate the effect of temperature 
these two factors should be kept con- 
stant; this was assured by the re-solu- 
tion heat treatment. 

In Fig 4a and 46 are reproduced a 
typical set of tempering curves for a 
series of temperatures ranging from 0 to 
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500°C. The curves for the temperatures 
250, 275, and 300°C are only partially 
drawn in Fig 4a; the complete temper- 
ing curves are given in Fig 4b. All the 
measurements were made on the same 
specimen, which, before nitriding, had 
been slowly cooled from 950°C. The 
various measured initial values of 
Qmaz!, of about 0.042, corresponding 
to a total N content of about 0.04 pct, 
show how nicely they are reproduced 
by the re-solution treatment. The time 
scale is a logarithmic one. We wish to 
point out the following: 

1. If a linear time scale is used in- 
stead of a logarithmic one, a number of 
curves, especially those for the lower 
temperatures, still show the very small 
initial slope which rapidly increases. 
This may mean that some nucleation 
stage is involved, usually called incu- 
bation or induction period. 

2. After the initial drop (dash) the 
curves approach a horizontal section. 
This indicates that a stationary state, 
which can be temporary, is approached 
in which the N concentration in solid 
solution has decreased to a certain con- 
stant value. This residual value is zero 
within the limits of measurements, at 
temperatures below 100°C, but in- 
creases rapidly for higher temperatures. 

3. For more extended tempering 
times at intermediate temperatures a 


second drop (solid line) starts and con- - 


tinues until a final equilibrium state is 


reached, which final state proved to be 
permanent even for very extended 
tempering times. The tempering times 
for temperatures below 250°C have 
been too short to observe the second 
drop, though there can hardly be any 
doubt that it must also be present 
below this temperature. 

At temperatures above 250°C there 
seems to be no opportunity for the 
intermediate, ‘“‘stationary”’ state to 
develop completely, due to the inter- 
ference with the second drop. Above 
300°C the first drop has completely 
disappeared and only the second proc- 
cess remains. The final residual solubil- 
ity rapidly increases with temperature 
and at 500°C no decrease of Qmaz~! on 
tempering could be observed for this 
N content. 

4. If we further compare the dashed 
tempering curves for different tem- 
peratures in Fig 4a, then we see there 
is a shift to the left with increasing 
temperature. This shift is almost paral- 
lel as long as the curves drop to a low 
value. Above 250°C this shift to the left 
reverses into a shift to the right, to- 
wards longer tempering times. The 
solid curves show about the same 
behavior. 

Considering the dashed curves, we 
shall define a half time value hs as 
being the time necessary to reach the 
Qmaz 1 midway between the initial and 
residual value. In Fig 5 log ti, has been 
plotted against 1/T in the region 0 to 
200°C. The dots and circles refer to two 
different successive runs through the 
whole temperature region. The curves 
seem rather straight, but show a some- 
what sudden bend at 100 and just 
below 20°C. This bend was reproduci- 
ble and seems to indicate that the phe- 
nomenon is rather complicated. 

5. The specimen was then annealed 
for 14 hr in wet H, at 700°C and after- 
wards for some hours in dry Hp, at 
500°C to assure a homogeneous dis- 
tribution of the N. After this treatment 
the Qnaz~! was 0.023, corresponding to 
a total N content of about 0.02 pct. 
The tempering curves for this concen- 
tration in Fig 6 show the same general 
behavior as those in Fig 4. The dashed 
curves, as well as the solid one, seem to 
approach the same equilibrium values 
of Qmaz—! as the curves in Fig 4. (The 
Qmazr' scale is different in Fig 4 and 6.) 
The only obvious effects of the concen- 
tration difference are, first, a large 
increase in t,, below 100°C so that the 
sudden bend in the curve at 100°C in 
Fig 5 has disappeared, and secondly, a 
lowering of the temperature at which 
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FIG 4a—Effect of aging at low temperatures (R. T.—300°C). All measurements are at room temperatures following indicated aging. Initial 
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FIG 4b—Effect of aging at high temperatures (250-500°C). Dashed lines: intermediate precipitation. Full lines: precipitation of Fe.N. 


the first drop disappears. The solid 
curves for 250°C in Fig 4b and 6 are 
almost identical, although in Fig 4b a 
large first drop has preceded it. 

We may briefly summarize the above 
observations as follows: At intermedi- 
ate temperatures the rejection of N 
from the supersaturated solid solution 
takes place according to two different 
successive processes. By lowering the 
temperature the earlier reaction will 
predominate; by raising the tempera- 
ture, the later one. The fact that the 
completion of the earlier rejection 
process does not seem a necessary 
condition for the beginning of the sec- 
ond one (in a certain temperature 
region we even observe that the tem- 
perature dependence of the rate of both 
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processes has a different sign), sug- 
gests that the two processes occur 
independently of each other with 
rates having a different temperature 
dependence. 

It seems most natural to relate each 
quasi-stationary or stationary state in 
the tempering curves to the existence 
of some Fe-N phase, whatever it may 
be. The height of a horizontal part 
represents the solubility of N in a-iron 
in equilibrium with the corresponding 
Fe-N phase. According to the preceding 
paragraph, it appears, then, that the 
observed Fe-N phases are independent 
of one another, that the earlier phase is 
not an intermediate or transitional 
state of the final phase. 

In the case of a perfect solid solution 


the solubility [c],., must satisfy a rela- 
tion of the type 


(Mar), = ar 


In [cleat = — = + const. 


or 


AH is the heat of solution per gram 
mol. of the precipitated phase. In Fig 
9 the values of [c],., as given by the 
horizontal parts in Fig 4, and in a num- 
ber of curves which we did not re- 
produce, have been plotted on a 


il 
logarithmic scale versus i both for the 
intermediate phase (curve 1) and for 
the final phase (curve 2), which we 
assume to be Fe,N. The values 
. 255 
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FIG 5—Temperature dependence of time required for precipitation to be one-half complete 
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for FesN from Fig 4a for the lower 
temperature are probably too high 
because the tempering times have been 
too short to reach real equilibrium. 
At the highest temperatures we met 
with the difficulty that the N content 
seemed to decrease during tempering, 
even using He as a gas atmosphere. 
Therefore we followed another way and 
nitrided the specimen at 575°C for a 
sufficiently long time in H, + NH; 
mixtures of increasing NH; content 
until no further increase in Qmaz~! was 
observed. This final value of Qnaz~ 
gives us the solubility for Fe,N at 
575°C. It would take us too long to do 
the same for all the lower temperatures. 
Therefore we simply annealed this 
loaded specimen at the desired lower 
temperatures in adequately rich H, 
+ NH; mixtures, during which Qna27} 
dropped until the equilibrium value 
was reached. These values are given by 
the black dots in Fig 9 and seem to us 
to be the best ones. From the slope of 
the curve we calculate that AH for both 
precipitates is of the order of 8,000 cal 
per mol. An extrapolation of our data to 
590°C, the eutectoid temperature for 
the Fe-N system, gives for the maxi- 
mum solubility about 0.10 pct. 

It is possible to get higher concen- 
trations of N into solid solution in the 
following way: by annealing in H; 
+ NH; mixtures above the eutectoid 
temperature some f.c.c. y-phase is 
formed (see Fig 1) which by rapid 
quenching down to room temperatures 
apparently transforms into the bcc 
a-phase. During this quenching no pre- 
cipitation takes place, though there 
must have been some diffusion of N 
between adjacent interstices in order 
to obtain the cubic phase and not a 
martensitic structure. In this way we 
have observed values for Qmaz~! of 0.12. 
These highly supersaturate solutions 
are extremely unstable and precipitate 
at room temperature in about 5 min. 

The precipitation of C from a super- 
saturated solid solution has been in- 
vestigated along lines similar to that 
for N. The value of Qmaz! in the 
freshly quenched state was 0.02, which 
corresponds roughly to a carbon con- 
tent of 0.02 pct by weight. The temper- 
ing curves did not show any observable 
sign of a double stage character at any 
temperature. The half time value for 
well annealed material was about 2-3 
hr at 100°C, about 2 min. at 200°C, and 
about 10 sec at 300°C. For higher 
temperatures precipitation was so 
rapid that we were able to observe only 
the final equilibrium values. 
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FIG 7—Aging history of specimens whose micrographs are given in Fig 8. 


Table 1. . . Solubility of Carbon in Alpha Iron in Equilibrium with Fe;C. 


t (°C) 250° 400° 


450° | 500° 


550° 600° | 650° 700° 710° 


Qmaz! & [e]sat 0.001 | 0.002 


0.003 


0.004 a de 0.012 | 0.016 | 0.020 


These data are plotted in Fig 9 and 


from the slope of Curve 3 we calculate 


for the heat of solution of FesC in a-iron 
about 10,000 cal per mol. 

The above determined values of the 
solubility of C in a-iron with respect 
to Fe;C are only about one-half the 
values reported by Koster.’ The extra- 
polated value at the eutectoid tem- 
perature of 723°C obtained from the 
above data is, however, in excellent 
agreement with the value of 0.025 wt 
pet given by Smith® from an extra- 
polation of his higher temperature 
data on the equilibrium of C in a-iron 
with C in y-iron. 


Results of Microscopie 
Investigation 


A specimen purified of C by wet H, 
treatment was loaded with N. The 
initial value of Qnaz~! was 0.049. The 
tempering curve for 250°C is shown in 
Fig 7. After a re-solution heat treat- 
ment the tempering treatment at 250°C 
was repeated. Micrographs of the vari- 
ous stages during tempering were made 
on small samples cut from the quenched 
specimen after increasing tempering 
periods. Some of them with tempering 
times indicated by arrows in Fig 7, 
and which were most characteristic, 
have been reproduced in Fig 8 (a—d). 
No micrographs were taken for other 
tempering temperatures. The magnifi- 
cation was 500X; the etchant was 


picral. The big dark spots are oxide 
impurities. After some seconds the 
micrographs reveal the very early 
stages of some visible precipitation 
process. After 1 min., when the first 
equilibrium state in Fig 7 is reached, 
these early stages have developed into 
a highly dispersed but well-defined 
structure shown in Fig 8a. The meas- 
ured distance between the dark etched 
N-rich regions is about 10-* cm. This 
value is consistent with the calculated 
diffusion distance X according to X 
= / Di, in which ¢ is tempering time in 
seconds and the atomic diffusion 
coefficient? D is 5.2 X 10-4 €—20.000/RT 
cm’sec~!. From the initial concentra- 
tion of about 0.05 pet N we now calcu- 
late easily that the thickness of the 
platelets precipitated must be of the 
order of 10A, assuming that each ob- 
served platelet is not a series of smaller 
parallel platelets. That they neverthe- 
less show up so markedly in the micro- 
graph must be an etching effect which 
is probably due to the fact that a large 
region around the precipitate is in a 
state of high internal strain caused by 
the precipitate itself. 

Though Fig 7 shows that no further 
precipitation from the a-Fe phase 
takes place for tempering times be- 
tween 1 and 30 min., successive micro- 
graphs during this period demonstrate 
that the structure has not reached a 
steady state. The distance between the 
platelets gradually increases, presuma- 
bly due to a coagulation process. After 
30 min. the regular geometrical pattern 
257 
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FIG 8—Illustration of two types of precipitates: a and b, intermediate phase; c, inter- 
mediate and Fe4N phase; d, FesN phase. Aging history given in Fig 7. X 500. Reduced 
approximately one third in reproduction. 


of Fig 86 is obtained. Similar platelike 
structures arranged along definite crys- 
tal planes (the so-called Widmanstat- 
ten structures) are quite common in 
precipitation phenomena” though their 
explanation is still unsatisfactory. Very 
often the dark etched regions consist of 
a series of mostly parallel, close, rather 
short plates, which cause the wavering 
character of the etching marks. 

The pattern in Fig 8b generally shows 
no more than 3 different orientations of 
the plates, and from simple geometrical 
considerations it is clear that these 
plates of a precipitated Fe-N phase 
must be arranged parallel to the (100) 
planes of the bcc iron matrix. Very 
often the polishing plane itself is 
parallel to a (100) plane and then the 
Widmanstiatten pattern shows only 2 
orientations at right angles, as in some 
of the crystal grains in Fig 8b. More- 
over, in this case the polishing plane 
sometimes cuts just across a plate in its 
own plane and we see round etched 
areas which are vaguely visible in the 
rectangular spaces between the dark 
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lines; they do not show up well in the 
micrographs. They prove that the pre- 
cipitate is indeed plate-shaped and not 
needlelike. The thickness of these 
plates must be of the order of 50A, 
Micrographs made of these tempered 
specimens after a one second anneal at 
600°C followed by quenching (re-solu- 
tion heat treatment) did not show any 
trace of precipitate in accordance with 
the internal friction measurements. 

At this time and even earlier a new 
precipitate (indicated by II to dis- 
tinguish it from the former precipitate 
I) suddenly develops here and there. It 
is easily observed because it etches 
much darker with picral than I. Pre- 
cipitate II almost directly shows the 
well known plate structure of the iron 
nitride Fe,N. Fig 8c corresponds to a 
tempering time of 40 min. During the 
second drop of the curve in Fig 7 the 
micrographs show that the number and 
size of the Fe,N plates increase, while 
phase I is fading away, especially in the 
vicinity of the Fe,N plates. | 

After 1 hr phase I is still visible, al- 


though only faintly; after 3 hr of tem- 
pering we distinguish only the Fe,N 
plates (Fig 8d). The Widmanstatten 
patterns of phase I and Fe,N are quite 
different. The large number of dif- 
ferent orientations of the ‘‘nitride 
needles” in Fig 8d indicates that the 
lattice planes of the matrix along which 
the plates of the phase Fe,N are ar- 
ranged must be of a higher order. 
According to the literature! Fe,N pre- 
cipitates in plates along the (210) plane 
of the bce matrix lattice, which gen- 
erally causes 12 different orientations 
of the needles in the micrograph. 

We were not able to detect any 
clearly pronounced relationship be- 
tween the two precipitates. The Fe,N 
plates seem to originate from nuclei 
inside or very close to the plates of 
phase I as well as somewhere else. The 
fact that the phases I and II precipi- 
tate on quite different lattice planes of 
the matrix is reason to suppose that 
there exists no definite relationship and 
that phase I is not an intermediate 
transition state of phase II, as for in- 
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stance is observed in the precipitation 
of Cu and Ag in Al.!2 We thus see that 
this microscopic work confirms the con- 
clusions in section 3 regarding the 
independence of the nucleation of phase 
II from the presence of phase I. 

As mentioned in the preceding sec- 
tion, the curves of internal friction vs. 
time of tempering did not suggest the 
presence of an intermediate precipitate 
in the Fe-C system. Micrographs show- 
ing successive stages during tempering 
at 250°C revealed only small round dots 
of precipitate which coagulated some- 
what during extended tempering times. 


Kineties of Precipitation 


Certain observations reported above 
which, at least on the surface, appear 
anomalous may be readily under- 
stood when cognizance is taken of 
the standard nucleation theory. This 
theory has been discussed in great de- 
tail by Volmer,'® so only the results of 
the theory need be herein reproduced. 

According to the standard nucleation 
theory the rate of formation of new 
nuclei, N, is given by the product of 
two factors each of which depends upon 
temperature in a characteristic manner. 
Thus 

N = DS. (1] 
The first factor D, known as the diffu- 
sion factor, decreases rapidly with a 
decrease in temperature according to 
the well known equation 
Dw e-H/RT, [2] 
where H is the heat of activation for 
the diffusion of the solute atoms. The 
second factor, S, known as the statisti- 
_cal factor, varies with temperature in a 
quite different manner, namely as 
Sw e-T0°/T(Te—T)” [3] 
where 7. is the equilibrium tempera- 
ture corresponding to the concentra- 
tion of the atoms in solid solution. The 
temperature 7) is a function of the 
geometry of the nucleus, its interface 
surface tension with respect to the sur- 
rounding matrix, and its heat of solu- 
tion. The precise manner in which 7 
depends upon these parameters need 
not concern us here. The characteristic 
manner in which S varies with tem- 
perature is determined by the factor 
(T. — T)? in the denominator of the 
exponent. This exponent insures that 
the nucleation factor rapidly approaches 
zero as the temperature T increases to- 
wards the equilibrium temperature. 

Reference to Fig 4a, 4b and 6 shows 
that as the temperature of tempering is 
gradually increased above room tem- 
perature, the time required for precipi- 
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FIG 9—Concentration of N in equilibrium with intermediate phase (Curve I), with FeiN 
(Curve II), and concentration of carbon in equilibrium with FesC (Curve Ill). 


tation to be half complete, ty, at first 
decreases and then finally rapidly in- 
creases at the highest temperatures. 
According to the above discussion, we 
are to interpret the lower temperature 
range, in which ty, decreases with a rise 
in temperature, as that range in which 
the temperature dependence of D domi- 
nates. Thus in this temperature range 
precipitation is limited primarily by 
the rate of diffusion. On the other hand, 
the upper temperature range, in which 
ty, increases with a rise in temperature, 
is that range in which the temperature 
dependence of S dominates. Thus in 
this temperature range precipitation is 
limited primarily by the statistical 
probability of the presence of nuclei of 
a critical size for spontaneous growth. 

Reference to Fig 3 shows that the 
time for precipitation to be half com- 
plete, ty, is a marked function of the 
concentration of the solute atoms, 
rapidly increasing as the concentration 
is lowered. The same conclusion is 
reached upon comparing Fig 6 with 
Fig 4a. This marked dependence of ty 
upon initial concentration may be 


interpreted simply as an increase in T, 
with an increase in concentration at a 
fixed temperature of tempering. Such 
an increase in TJ, may be seen, from 
Eq 3, to result in an increase in the 
statistical factor S. Thus an increase in 
initial concentration is seen to affect 
S in precisely the same manner as 
a decrease in temperature, namely 
through an increase in the temperature 
of undercooling, (T. — T). 

Specimens in which the N precipi- 
tates at 23°C in some hours can be 
stabilized by a preceding tempering 
treatment at, for example, 250°C. By 
this we mean that the rate of precipi- 
tation at 23°C, after a preceding 
tempering treatment at 250°C which 
took out let us say 60 pct of N from 
solid solution, is much smaller than if 
the same amount had been rejected 
from solid solution during preceding 
aging at 23°C. The explanation must 
be the different degree of dispersion of 
the nuclei. It is to be noted that the 
rate of nucleation is very slow at 23°C 
after 60 pct of N has been rejected from 
a-iron. 
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FIG 10—Equilibrium diagram of Fe-N system including metastable intermediate phase. 


We have yet to interpret the forma- 
tion of the intermediate phase in the 
Fe-N system. A tentative interpreta- 
tion may be arrived at as follows. From 
our observations it appears that the 
Fe,N phase is very difficult to nucleate. 
The origin of this difficulty is at present 
unknown. It may possibly reside in an 
unusually large interface energy be- 
tween Fe,N and the surrounding a-iron 
matrix. Reference to Fig 1 shows that 
if the solid solution of N in a-iron is 
sufficiently undercooled the solution 
will become supersaturated with re- 
spect to the e-phase. This possibility is 
clarified by the tentative equilibrium 
diagram of Fig 10. According to this 
diagram the dashed boundaries of the 
a and ¢ phases represent the actual 
boundaries in the absence of the Fe,N 
phase. The dashed boundary of the a 
phase has been drawn from the data 
in Fig 9. The dashed boundary of 
the « phase has been drawn merely 
schematically. 

The above interpretation of the 
intermediate phase in the Fe-N system 
automatically interprets likewise the 
nonoccurrence of an intermediate phase 
in the Fe-C system. In the latter system 
the only stable phase lying to the right 
of Fe;C is graphite. This phase actually 
has a lower solution pressure than does 
Fe;C. It could not, therefore, form an 
intermediate phase. 


Effeet of Cold Work 


It is a well known experimental fact 
that distorted regions are favorable 
places for precipitation. The reason 
was pointed out above. An amount of 
cold work of 1 to 5 pct reduction in 
area did not have very much effect on 
the rate of precipitation of N from 
supersaturated q-iron. Certainly the 
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distances between the distorted re- 
gions for this small amount of cold 
work are too large to affect the pre- 
cipitation in the specimen as a whole. 
The effect of 46 pct reduction in area 
was previously shown in Fig 3. Micro- 
graphs of these cold worked specimens 
being tempered in the region 250-300°C 
did not show any trace of precipitate. 
This means that it must be and stay 
submicroscopically dispersed even at 
300°C and that this precipitate modifi- 
cation must be more stable than the 
usual microscopic FesN plates. A de- 
termination of the solubility of N for 
this precipitate, by the internal friction 
measurements, indeed proved this to 
be the case. The solubility at 300°C 
was about 0.0025 pct, at 400°C about 
0.006 pct, while the corresponding 
values for the Fe.N plates were respec- 
tively 0.012 and 0.025 pct. At higher 
temperatures the solubility very rapidly 
increased, partly in an irreversible way 
due to the fact that the state of cold 
work is gradually annealed out. 

The observed lowering of the solu- 
bility of N by plastic deformation is in 
agreement with the idea advanced by 
Cottrell that carbon and nitrogen are 
trapped by dislocations.!4 


Summary 


Precipitation of carbon and of nitro- 
gen from solid solution in alpha-iron 
has been studied at different temper- 
ing temperatures by internal friction 
measurements. 

In the case of nitrogen these meas- 
urements suggested the presence of two 
successive stages in precipitation. This 
suggestion was then verified by metal- 
lographic examinations. In the first 
stage plates of an unknown precipitate 
are formed on the (100) planes of the 


matrix. During the second stage the 
well known Fe,N plates are formed. 
The former unknown phase appears to 
be less stable than Fe,N, but cannot 
be considered as a transition state of 
Fe,N. 

The observed rate of precipitation 
follows the general behavior to be an- 
ticipated from the standard theory of 
diffusion and nucleation, namely low 
rates at low temperatures (diffusion 
limitation), low rates at high tempera- 
tures near the critical temperature (nu- 
cleation limitation) and a maximum 
rate in an optimum temperature range. 
The half time for precipitation is found 
to increase rapidly with a decrease in 
the initial concentration, again in 
accord with nucleation theory. 

Plastic deformation (studied only in 
the case of N) was found not only to 
increase the rate of precipitation, but 
also to lower the final solution concen- 
tration presumably in equilibrium with 
the precipitate. It appeared, therefore, 
as if the precipitate induced by plastic 
deformation was not identical to that 
which forms in annealed material. This 
viewpoint was confirmed by metallo- 
graphic examination which failed to 
reveal visible precipitates even after 
the final equilibrium solute concentra- 
tion had been attained. 
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Concentration of the So. Content of 
Dwight-Lloyd Sintering Machine 
Gas by Recirculation 


W. S. REID,* Member AIME 


In March, 1938, E. P. Fleming, 
metallurgist for the American Smelting 
and Refining Co. inaugurated an 
investigation into the possibilities of 
recirculating the gases from Dwight- 
Lloyd sintering machines operating 
on lead charge, with the twofold object 
of concentration of the SO. content 
and reduction in volume of total gas 
produced. 

The possibility of recovering a com- 
mercial grade of SO, gas from D & L 
machines operating on lead charge had 
previously been considered by several 
investigators. 


Early History 
of Recirculation 


The Selby Smelter Commission Re- 
port, published by the Bureau of Mines 
in 1914, contains a chapter by A. E. 
Wells regarding results obtained at 
Selby, wherein some of the richer gas 
was recirculated through a hood over 
the pallets. 

Oldright and Miller of the U. S. 
Bureau of Mines had also made tests at 
Trail, B.C., and at Kellogg, Idaho. 

R. C. Rutherford, while at the Chi- 
huahua, Mexico, Smelter of the Ameri- 
can Smelting and Refining Co., in 
May, 1937, proposed recirculation of 
_D &L gases to decrease the volume of 
gas handled by the baghouse. 

At none of these plants, however, 
was the operation commercialized. 

In July, 1938, Mr. Fleming, in cor- 
respondence with the Selby Plant, 
inquired regarding the possibility of 
obtaining 6 pct SO gas from the Selby 
D & L machines. 

At that time, the writer advised 
that there was slight possibility of 
obtaining 6 pct’ SO: gas without re- 
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circulation, but believed that it was 
possible with recirculation, and that 
experimental work toward that end 
should be tried at some plant where 
spare D & L machines were available. 

The foregoing statement was based 
on the following information then 
available— 

1. Tests on Selby first-over machines 
showed 2.28 pct SO, from first windbox 
and 1.03 pet SO2 from second windbox, 
and corresponding figures for second=- 
over charge of 0.81 pct SO, for first 
windbox and 0.08 pct SO. for second 
windbox. 

2. Oldright and Miller (U.S. Bureau 
of Mines) in 1932 at Bunker Hill, on 
42 in. X 22 ft machines found: 

a. First-over charge—Maximum 
SO, concentration (leaving cake) of 
9.5 pet. 

b. First-over charge—SO, concen- 
tration of over 8 pct from the 4 ft to 
the 12 ft points beyond the front dead- 
plate and that the concentration then 
dropped rapidly. 

c. That approximately 80 pct of 
the total sulphur eliminated on the 
second-over machines occurred during 
the travel of the pallets from the 1 ft 
to the 6 ft distances from the dead- 
plate. 

d. That approximately 94 pct of 
the total sulphur eliminated on the 
second-over machines occurred over 
the first windox. 

3. Oldright and Miller (U.S. Bureau 
of Mines) in 1932, at Trail, on 42 in. 
x 50 ft machines found: 

a. First-over charge—SO, varied 
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FIG 1—Sulphur elimination curve. 


from 2.0 pet to 5.5 pet (leaving cake) 
from the 12 ft to 28 ft points from the 
deadplate. 

b. That the average SO, in- 
creased from 1.0 pct at 7 ft from dead- 
plate to maximum of 3.3 pct at 20 ft, 
then dropped to 1.5 pct at 40 ft. 

c. That on a 22 ft, second-over 
machine with an 11 in. bed the SO, 
varied from 4.5 pct to 6.5 pet from the 
2 ft to the 8 ft points from the dead- 
plate. 

d. That on the final roast, the SO2 
concentration also varied across the 
pallets; that is, 214 pct at the side, 
increasing to 6.0 pct, 5 in. in, and to 
7.0 pet at 10 in. to 20 in. in, then de- 
creased vice versa at the opposite side. 

e. Concluded that most of the 
sulphur on a 22 ft machine was re- 
moved over the first 7 ft of the first 
windbox; therefore, they partitioned 
the first windbox so that the exit gas 
from the second 4 ft section was re- 
turned to the surface of the pallets over 
the first 7 ft section, and during a 
seven-day trial the gas from the 4 ft 
section averaged 2.4 pct SOs, while the 
recirculated gas from the first 7 ft 
section only increased to 3.8 pct SOs. 
(Excess suction over the 7 ft section 
to prevent escape of SO. laden gas 
from the 4 ft section caused dilution by 
air.) 
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f. That recirculation had the ad- 
vantage of filtering out the dust con- 
tained in the recirculated gas. 

g. That second-over charge on a 
50 ft machine gave SOz concentrations 
ranging from 2.4 pct at 6 ft to 4.0 pct 
at 8 ft; to 5.0 pct at 10 ft, to 4.6 pct at 
12 ft; to 4.3 pct at 22 ft; to 2.0 pct at 
26 ft; to 1.0 pct at 30 ft; to trace at 34 
ft from deadplate. 

If the figures under g are plotted, we 
have what is now known as a sulphur 
elimination curve, which is shown in 
Fig 1. 


Preliminary Work at Selby 


At the Selby, Calif., Plant of the 
American Smelting and Refining Co., 
the company, since 1937, had been 
operating a 40-ton per day Contact 
Acid Plant on gases from the roasting 
of pyritic gold concentrates on a seven 
hearth Wedge Roaster. This con- 
version of SO; to H,SO, was beneficial 
in reducing the output of SO. from 
the smoke stack. 

- At that time (1938) some consider- 
ation was also being given to the con- 
struction of a liquid sulphur dioxide 
plant to utilize still more of the SO,, 
normally exhausted through the stack. 

During Sept., 1938, the first in- 
vestigation was made at Selby in con- 
nection with the feasibility of obtaining 
a good grade of SO». gas from the 
D & L machines. 

Holes were drilled in the sides of 
various pallets in such a manner that 
a sample pipe could be inserted to the 
center of the bed, just under the grate 
bars. Gas samples taken through the 
pipe, as the pallets passed over the 
windboxes, were then analyzed for SO». 

These first tests on a 42 in. X 22 ft 
D & L machine, operating with a 
4-in. bed at a pallet speed of about 
29 ipm, 25 to 30 pct return sinter on 
a very fine charge, with windbox 
suction at 12 in. to 1214 in. H.0, fan 
volume at. 17,500 cfm, and sulphur in 
charge reduced from 13.0 pct to 5.3 pct, 
showed as follows for the first windbox: 
Pct SO. under grates—4.6 pct to 

9.2 pet—Average—7.4 pct 
Pct SO, leaving windbox—1.1 pct to 

1.35 pet—Average—1.25 pct 

It was obvious that the principal 
source of air leakage was between the 
pallets and the windbox and over 
the deadplates, with smaller amounts 
through the shrinkage fissures at the 
junction of the sinter cake with the 
side of the pallet, between the pallet 


262 ... Metals Transactions 


~ 
10) 


PERCcHAIT SO2 
WWOCER GRATE Bares 


Oo NM) Aer & 


Oo 2 4 6 8B /0O 12 4 1/6 19 20 22 


Wino Box LENIGTH lh FEET 


Winoceox “2% eo 

UNDER PALL 
AVE. O52% < Koro™ 

ALU SACS OUTLET 
AVE. O.25%6 Fe 


WiNOCBOX OYTLET 
Ay. 


E. 2.0%. SO; 


FIG 2—First-over charge—12 oct sulphur. 


4 
q 
1/0 
oe 
OR gs 
[| 
oo 
ee 
ts 
R24 
ep 
O 2 4 6 8&8 /0 /2 44 46 18 20 22 


VWI WB BOX LENGTH It FEET 


WINOBOX A/Z2 
WN OLR PALLET 
WE 2ZSRTQ 


Wis/D Box M2 / 
UJOER PALLET 
AvE 86 beg SQ, 


ec eeo ns OUTLE 
= 3./ % SO, 


FIG 3—Second-over charge—4.5 pct. sul- 
phur. 


ends, and around windbox cleanout 
doors, and the like. 

The second windbox on the same 
charge showed SO, concentrations 
under the grates varying from 6.5 pct 
to 10.0 pct, and averaging 7.8 pct. 

These tests indicated that on this 
very tight charge, the sulphur elimi- 
nation continued high -throughout the 
length of machine. 

Tests were then made on a second- 
over machine, operating with a 514 in. 
bed at 19 ipm speed, with windbox 
suction at 614 in. H.O, and fan at 
15,000 cfm. These tests showed peak 
sulphur elimination about midway of 
the first windbox, after which it 
dropped rapidly as the pallets passed 
to and across the second windbox. 

A typical set of SO, readings showed 
2.3 pet SO. at the 2 ft mark, a peak 
of 5.5 pet midway of the first windbox, 
then decreasing amounts to the second 


windbox, which averaged only 0.15 pct 
for its entire length. It was evident 
that the first windbox was doing 
about 90 pct of the work as far as 
actual sulphur elimination was con- 
cerned. The second windbox was 
serving, principally, as a cooler for 
the hot sinter cake. 

These preliminary tests clearly indi- 
cated that, in order to secure a good 
grade of SO:z gas, it would be necessary 
to recirculate the intermediate grade 
gas through hoods covering the entire 
pallet including ends and the sealing 
strip, and collect the concentrated gas 
from a relative short section of the 
machine where the SO, concentration 
was highest. 


Preliminary Work 
at Murray 


Further experimental work along 
the lines of Mr. Fleming’s suggestion 
was performed under the supervision 
of Mr. A. L. Labbe at the Murray, 
Utah, Plant of the American Smelting 
and Refining Co. This work was 
started in Nov., 1938, on standard 
42 in. X 22 ft D & L machines on 
both first-over and second-over charge. 
By taking gas samples from 2 in. 
below the grate bars as the pallets 
passed over the windboxes, the SO: 
concentrations at various points along 
the machine were determined. 

Fig 2 shows, in graphic form, the 
resultant data for a ‘‘first-over”’ 
charge and Fig 3, the same for a 
““second-over’’ charge. 

These graphs illustrate how the 
SO» concentration increases to a peak 
about midway of the first windbox 
and then rapidly decreases as the 
pallets proceed to and over the second 
windbox. 

The comparison of strength of gas 
under the pallets vs. strength of gas 
in the outlet from the windbox brings 
out the often overlooked fact that 
an unbelievably high leakage of air 
occurs under and around the pallet 
ends and over the deadplates. The 
following tabulation, based on the 
foregoing data, might demonstrate 
more clearly this high leakage factor 
of the ordinary D & L machine: 


First}Windbox Second Windbox 
Pct SO: Pct SO2 . Pct SO Pct SO 4 
Under Leaving as ar Under : Leaving “3 ct Air 
Grates Windbox 8 Grates Windbox eakage 
First-over Charge........... 8.6 Bi sit PALE 2.5 76 
Second-over Charge......... 5.4 2.0 270 0.52 b 25 208 
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Or, for the machines as a whole: 
First-over Charge—231 


pet air 
leakage 
Second-over Charge—263 pct air 
leakage. 
Later tests on varying charges, 


depths of bed, and others, indicated 
air leakages varying up to 400 pct. 


Recirculation at Murray 


In March, 1939, the first actual re- 
circulation of gases at Murray, Utah, 
was tried out on a standard 42 in. 
x 22 ft D & L machine. This initial 
installation consisted of a recirculation 
fan, which delivered the gases from the 
second windbox through a duct to a 
hood over the pallets on the first wind- 
box. On a firstover charge, carrying 
11.0 pet S, it effected an SO» concen- 
tration averaging 5.1 pct SO» in the 
reduced volume of gas delivered to 
the Cottrell flue. However, this final 

- gas varied from 4.0 pct SO, to 6.5 pct 
SO., depending on variations in the 
moisture content and uneven porosity 
of the bed. The uneven porosity 
was due principally to segregation of 
coarse and fines in the charge hopper 
above the machine. 

This first trial installation also 
demonstrated the importance of a 
baffle plate over the windbox partition 
to minimize the interchange of the 
weak and strong gases, and, likewise, 
the partitioning of the conventional 
windboxes, or construction of different 
sized windboxes to obtain the maxi- 
mum concentration of the SO». 

To summarize, this first trial instal- 
lation effected the following on first- 
over charge: 
~ Gas volume reduced from 19,000 
cfm to 6,850 cfm. 

SO. concentration in final gas in- 
creased from 1.7 pct to 5.1 pct. 

At this time, it was realized that 
the same proportional decrease in 
volume would not be possible from a 
wider machine because the volume 
resulting from side leakage is approxi- 

_ mately the same regardless of the width 
of the machine. 

This initial installation at Murray 
is still in service, but utilized solely 
to decrease the volume of gas going to 
the Cottrell treaters. 


Patent 


Based upon data obtained on this 
preliminary work, Mr. Labbe applied 
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FIG 4—Data obtained over 5-day period on a first- 
over charge averaging 10.5 pct S. 


for, and was subsequently granted, 
U. S$. Patent No. 2,235,261, en- 
titled, ““Method and Apparatus for 
Sintering.” 

Prior commercial applications of 
utilizing the oxygen content of weak 
gas for additional roasting, or in effect 
further concentration of the SO, con- 
tent of these gases, had accomplished 
their purpose by returning the weak 
gases from the last windbox to a closed 


hood over a limited central section. 


Attempts on a two-windbox machine 
to return the gases to a hood confined 
over the sinter bed of the first windbox 
had failed, due to the SO, in the circu- 
lated gases smothering the combustion 
in the sinter bed proper. 

The main features of the sintering 
machine of Mr. Labbe’s patent may 
be summarized as follows: 

Although it is applicable to multiple 
windbox machines, its application to a 
two-windbox machine is described 
merely for simplification. 

A hood is provided over most or all 
of the bed, including pallet ends and 
wheels, over the second windbox and a 
large proportion of the first windbox. 
It cannot be extended any farther 
over the first box on account of the 
ignition muffle. The hood also extends 
over the discharge end of the machine. 

There are no cross-sectional baffles in 
the hood to confine the direction of 
the smoke to any one portion of the 
sinter bed. The smoke is free to estab- 
lish its own course or equilibrium over 
the entire surface of the sinter bed. 
Part of the circulated smoke may be 
drawn back through the same bed of 
the second windbox. 

An inner hood with an opening 
adjacent to the ignition muffle extends 
back under the recirculation hood 
proper, for a distance, over the sinter 
bed of the first windbox. This allows 
some outside air to enter and freely 
support combustion, yet diverts the 


recirculated gas around the ends of the 
pallets and thus substitutes this SO. 
laden gas for the air that is ordinarily 
drawn in as}leakage on¥an unhooded 
machine. 


Trial Recireulation at Selby 


By Sept. 1939, the D & L machines 
at Selby had been enlarged, the sinter- 
ing practice improved and _ serious 
consideration was being given to the 
utilization of D & L gases for the 
production of liquid SOs. 

As a result, a new series of tests 
were made on the gases by taking 
samples from under the grate bars by 
inserting a sample pipe through holes 
near the top of the various windboxes. 
A sulphur elimination curve depicting 
the average data obtained over a 
5-day period on a first-over charge 
averaging 10.5 pct is shown in Fig 4. 

While this sulphur elimination curve 
showed a 15-ft section of the machine 
producing better than a 5 pct con- 
centration of SO., the actual SO, con- 
centration leaving the windboxes aver- 
aged only 2.1 pct. This indicated a high 
infiltration of air around windbox seals, 
between the pallets at the side of the 
machine, over the deadplates, and 
through the shrinkage space between 
the bed and sides of the pallets. 

This machine was reducing 200 
tons of charge from 10.5 pct S to 4.5 
pet S per day with the fan handling a 
volume of 25,000 cfm at 440°F. 

Gas concentration from the wind- 
boxes varied widely, depending on the 
nature of the charge. A tight charge 
increased the air leakage, thereby 
decreasing the SO, content of the 
gases leaving the windboxes. Variations 
in the depth of the bed on various 
machines resulted in SO, concentra- 
tions varying from 0.6 pet to 2.32 pct. 

The first trial recirculation unit at 
. 263 
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RECIRPCULATED GAS 


FIG 5—Recirculated gas. 


Selby was completed and put into 
service on May 10, 1940, and con- 
sisted of a No. 9 Type P. B. American 
Blower Co. Exhauster Fan for con- 
centration of the SO, content of the gas 
from a three-windbox D & L machine, 
42 in. wide X 30 ft long, operating on 
‘‘first-over’”’ charge. 

The design for this recirculation 
unit, including the location of the 
hoods, was based upon the sulphur 
elimination curve for the average 
charge handled by the machine. The 
so-called sulphur elimination curve, 
or a knowledge of the data from which 
it might be drawn, is fundamental in 
designing a recirculation unit. The 
pattern varies with different sized 
machines and with variations in the 
charge on the same sized machines. 

The sulphur elimination curve of a 
machine on “first-over” charge is 
quite different from the same sized 
machine or ‘“‘second-over” or final 
charge. 

The procedure which has been 
developed for making a sulphur elimi- 
nation curve is as follows: 1.. Have 
D & L machine operating normally, 
with uniform feed. 

2. Determine SO, content of gases 
directly under the grate bars at inter- 
vals throughout the passage over the 
windboxes. 

Under (1) it is important that the 
charge be uniform as to analyses, size 
and moisture content, as well as being 
uniformly laid down on the pallets. 
Uniformity of material on the pallets 
is of major importance because it is 
impracticable to take and determine 
gas samples from numerous points 
throughout the length of the machine 
simultaneously. As the gas samples 
must be taken progressively, it is 
obvious that conditions must be com- 
parable during the entire sampling 
period. Particular care should be 
exercised to prevent major segregation 
of coarse and fines in the feed hoppers 
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over the machine, yet at the same time 
obtain a uniform segregation of coarse 
and fines as the charge is laid down on 
the pallets. This last mentioned con- 
dition is secured by proper design 
of the feeding mechanism and close 
control of the talus pile. A high talus 
pile usually causes “‘sloughing”’ which 
results in a spotty bed, while a “‘low” 
talus pile tends to “‘break”’ the segre- 
gation, which is so desirable at this 
point. 

Under (2) the actual data for 
plotting the sulphur elimination curve 
is obtained by sampling the gas 
directly under the grate bars. In 
actual practice, these samples are now 
taken by inserting a curved pipe 
through openings near the top of the 
windboxes, allowing same to follow 
the travel of the pallet a sufficient 
length of time to draw a measured 
volume of gas sample through an 
iodine solution for analysis. In this 
manner, a sample is obtained which is 
undiluted by the enormous air leakage 
normally occurring under and around 
the ends of the pallets. By taking 
several of the samples at each location, 
the average SO, concentration at this 
particular point may be determined 
and from this a sulphur elimination 
curve may be plotted. 

This first recirculation unit at Selby 
was entirely for experimental purposes 
as no utilization of the concentrated 
gas was made. 

The first-over machines at that time 
were delivering up to 28,000 cfm of 
approximately 1.5 pct SO» gas to the 
baghouse. This grade of gas was 
entirely too low in sulphur dioxide to 
maintain the conversion temperatures 
at the Contact Acid Plant. 

The 42 in. machine equipped for 
this experimental work had three 
windboxes, the first box being 8 ft 
long and the second and third boxes, 
11 ft each. The gas from the No. 3 
box was returned by the recirculation 


fan to a hood over part of No. 1 
box and all of No. 2 box, as indicated 
in Fig 5. 

It was soon learned that maintaining 
proper balance of draft in the recircula- 
tion hood was essential. Actual pres- 
sure in the recirculation hood caused a 
smoke nuisance in the building. Excess 
draft permitted infiltration of air and 
resultant dilution of the concentrated 
gas. A definite drop in the concentra- 
tion was noted whenever the draft 
in the recirculation hood exceeded 
0.02 to 0.03 in. water. This precise 
regulation was later accomplished by 
the installation of a damper controlled 
by a Bristol free-vane controller. 
Recording draft gauges were also in- 
stalled in the various windboxes and 
an SOz recorder installed to indicate 
and continuously record the SO, con- 
centration in the concentrated gas. 

On the first-over charge, averaging 
about 13.0 pct S, the recirculation fan 
handled a volume of 5,000 to 9,000 
cfm at temperatures ranging from 700 
to 800°F. 

By close attention to all operating 
details, it was demonstrated that with 
the high sulphur charge being handled 
at that time gas concentrations of 6 
to 8 pet SO, could be obtained, but 
that with this degree of concentration 
the speed of the machine was reduced 
about 10 pct in order to effect the same 
overall sulphur elimination. Overall 
gas volume to the baghouse with 
recirculation was approximately 11,800 
cfm at 385°F, as compared to approxi- 
mately 23,100 cfm at 330°F without 
recirculation. Subsequent improve- 
ments in the windbox, duct, and hoop 
designs corrected this loss in tonnage 
feature. The first step was to by-pass 
part of the gas from Windbox No. 3 
to the main fan, as indicated by the 
dotted lines in Fig 5. This practically 
doubled the suction in Windbox No. 3 
and equalized it with No. 1 and No. 2 
Windboxes. 
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FIG 6—Schematic diagram of first-over 
recirculation. 
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These preliminary tests, along with 
the sulphur elimination curve of the 
machine indicated that the installation 
of partitions in the first and third wind- 
boxes, whereby the weak gas from the 
end sections could be segregated and 
by-passed direct to the baghouse, 
would be advisable. These tests also 
showed that when recirculating ap- 
proximately 3,000 cfm the total fan 
power consumed was about 69 hp, as 
compared to 60 hp with the machine 
operating normally, that is, without 
recirculation. 

During April, 1942, an improved re- 
circulation system for the first-over 
machine at Selby was completed and 
further tests proceeded. This new in- 
stallation consisted of a recirculation 
fan which drew the recirculated gases 
through a series of vertical pipe coolers 
before returning them to the hoods 
over the pallets. This cooler was later 
abandoned. The windboxes were also 
subdivided. 

Fig 6 shows a diagramatic flow sheet 
of the gases and sizes of various 
windboxes. 

This layout demonstrated that when 
handling a raw feed mix, averaging 
12 pct S, the machine would produce 
an average of 5,900 cfm at 310°F, of 
7.0 pet SO. gas for possible utiliza- 
tion at an acid or SO, plant. 

The concentration of SO, varied 
with the charge, depending largely on 
the physical characteristics and also 
on the proportion of sulphide sulphur 
in the raw feed. Sulphur present as 
pyrite, for example, was much more 
desirable than a charge in which part 
of the sulphur was present as sulphate. 
Low SO, in the concentrated gas in- 
variably accompanied high volume 
and vice versa. For example: 

7.0 pet SO, (20 tons S per day)— 

Volume, 6,400 cfm at-250°F 
8.75 pct SO, (16 tons S per day)— 

Volume, 5,200 cfm at 330°F 

Volume of the recirculated gas varied 
with the charge between limits as 
follows: eyae 
4.0 pet SO.—3,500 cfm at 400°F 
7.0 pet SO—1,500 cfm at 300°F 


The distribution of volumes was 
roughly as follows: 
Cfm 
First Windbox (4 ft long)...... 3,000 
Middle Windbox (concentrated 
Va goed oongen ane on na seis 5,900 
Recirculation Windbox (net)... 1,500 
Last Windbox.............-.- 3,500 
Main Bustle Pipe and Fan Leak- 
(TC epee BitencnroM Dono ce 9 1,100 
Total Volume at Main Fan.... 15,000 at 375°F 
ged 4.5 pet 
2 


Leakage between the deadplate and 
the pallets was largely accountable for 
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the high volumes from the end wind- 
boxes. 

Test runs over a period of months on 
this machine indicated that, with a 
charge averaging about 11.0 pet S, 
it was possible to produce approxi- 
mately 6,300 cfm of 7.0 pct SO» gas, 
leaving the middle windbox. This 
amounted to about 18.8 tons of S 
per day, or sufficient to produce 
around 50 tons of H.SO, per day. 


Commercial Recirculation 
at Selby 


By the middle of 1942, the War 
Production Board’s famed Order L-208 
had seriously curtailed the production 
of pyritic gold concentrates from the 
California gold mines. High sulphur 
concentrates, formerly received in 
excess of the capacity of the one Wedge 
roaster at Selby dwindled to the point 
where lower sulphur concentrates con- 
taining lead and zinc had to be sub- 
stituted in order to keep the 40-ton 
per day Contact Sulphuric Acid Plant 
supplied with SO. gas. However, the 
gradually decreasing receipt of pyritic 
concentrates was acutely curtailing 
the production of sulphuric acid, 
which was a critically needed war 
supply. Barren pyrite was even being 
used at a loss to enrich the Wedge 
charge. 

As a result of the urgent need for 
sulphuric acid and based upon the 
favorable results obtained on the 
experimental recirculation unit on the 
D & L machine, an appropriation 
request was filed in Aug. 1942, to 
equip a second machine with a recircu- 
lation unit and to collect and convey 
the concentrated gases from both 
machines to the sulphuric acid plant. 

This application was made during 
the height of difficulties in obtaining 
priority ratings from the War Produc- 
tion Board. However, after much red 
tape, preparation of minutely detailed 
lists of materials, substitutions of used 
motors, and other procedures, an 
A-1-A Rating was finally obtained and 
the work got under way, late in 1942. 

Wartime delays in delivery of ma- 
terials and equipment postponed com- 
pletion of this unit until March 8, 
1943. 

The D & L gas was at first mixed 
with the Wedge gases, but after 26 hr 
operation it was apparent that special 
conditioning of the D & L gases would 
be required in order to recover any 


appreciable amount of the solids in 
the Cottrell treater through which 
the Wedge gases had previously been 
treated. 

Conditioning equipment, consisting 
of water sprays, and SO; gas, direct 
from the Acid Plant, was installed in 
the distribution chamber ahead of the 
Cottrell (Plate) Treater and con- 
siderable work done in closing up leaks 
in the Cottrell unit and the flue 
system. 

For the next three months, the 
Acid Plant alternated periodically from 
D & L to Wedge gases as various 
operating “‘bugs”’ were discovered and 
corrected. 

Starting on July 26, 1943, the Acid 
Plant operated regularly on D & L gas 
from first-over machines with the 
Wedge utilized merely as a standby 
unit to keep the Acid Plant going 
during occasional periods when the 
Sinter Plant was shut down. 

Since that time, the 40-ton per day 
Contact Acid Plant has continued to 
operate on D & L gases concentrated 


—hby recirculation. 


Sulphuric acid made from SO: gases 
originating from a straight pyritic 
concentrate roasted in a multiple 
hearth roaster is normally water-white 
in color. However, when the supply of 
pyritic gold concentrates began to dry 
up and complex flotation concentrates 
were substituted, it was noted that 
the resultant sulphuric acid was, at 
times, discclored, and with greater 
percentages of the complex concen- 
trates on the charge the acid was close 
to a coffee-brown in color. 

It is believed that this color im- 
parted to the sulphuric acid is caused 
by hydrocarbons originating from flota- 
tion reagents which carry through the 
scrubbing towers, mist precipitators 
and coke filters to the drying tower, 
where they are picked up by the dry- 
ing acid and act as a dye to all acid 
produced. 

The colloidal carbon imparting the 
color is so finely divided that no 
settling as a sediment ever takes 
place. It is more in the nature of a 
dye, and in no way lowers the purity 
of the acid or decreases its usefulness 
in the normal commercial uses to 
which it is put. However, as this dis- 
coloration is objectionable to certain 
customers, particularly the food proc- 
essing plants, it was deemed desirable 
to clarify the product and a method 
for so doing has been devised by Mr. 
Walter F. Johnson, Research Dept. 
metallurgist. 
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FIG 7—Sulphur elimination curve showing typical graph 
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FIG 8—Schematic diagram of second-over recirculation. 


In May, 1945, a new recirculation 
system on a 63 in. X 32 ft, “‘second- 
over’ D & L machine was completed. 
This unit consists of two 10,000 cfm 
fans, hoods, ducts, control instru- 
ments, and other items. 

This installation was made for the 
threefold purpose of (1) obtaining 
practical operating data on second- 
over charge; (2) supplemental SO, 
supply for the acid plant; and (3) 
SO» supply for a liquid sulphur dioxide 
plant to be constructed at some future 
date. 

Prior to designing the recirculation 
unit for this 63 in. second-over or Final 
Product Machine, numerous tests were 
made to determine the sulphur elimina- 
tion characteristics. 

The sulphur elimination curve in 
Fig 7 shows a typical graph of the data 
obtained. 

It will be noted that this sulphur 
elimination curve is quite different 
from the curve for a machine handling 
first-over charge. 

Here, after the charge is ignited, 
the bed roasts rapidly, coming to a 
peak about midway of the first windbox 
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and then tapering off rapidly over the 
second windbox. Very little sulphur is 
eliminated over the third windbox and 
practically none over the fourth or last 
windbox. 

Fig 8 shows the windbox and hood 
design for this machine and a dia- 
grammatic outline of the flow of gases. 

Following a preliminary test period, 
the concentrated gases from this 
machine were diverted to the Acid 
Plant on June 18, 1945, and have 
been utilized periodically since that 
time to supplement the concentrated 
gases from the first-over machines. 

At the present time, the concen- 
trated gases from the second-over 
machine are actually higher in SO, 
content than those from the higher 
sulphur first-over charge. 

In Sept. 1947, a 15-ton per day liquid 
sulphur dioxide plant was completed 
at Selby and, since that time, both the 
sulphur dioxide plant and the sul- 
phuric acid plant have been operated 
entirely on D & L lead charge gases, 
concentrated by recirculation. 

The sulphur dioxide plant is not 
dependent on a certain grade gas, as is 


the contact acid plant. It will func- 
tion on any strength gas from the 
roasters and operates smoothly and 
efficiently on the 5 to 6 pet SO» in 
the gases normally produced by the 
recirculation units on the Dwight- 
Lloyd machines. 

The SO, plan is a patented process, * 
developed by the American Smelting 
and Refining Co. Research Dept., 
under the able direction of Mr. E. P. 
Fleming. It functions by the absorp- 
tion of SO, in dimethylaniline flowing 
counter current to the gas stream in a 
tower consisting of a series of bubble- 
cap trays. The pregnant D.M.A. 
solution then goes to a stripping tower 
where the SO, is expelled by boiling 
with steam heated calandrias. The wet 
SO» gas is dried by passing through 
sulphuric acid in a third bubble-cap 
tower, then compressed to liquid and 
transferred to storage tanks from which 
the entire production is shipped in 
railroad tank cars. 


* U.S. Patents Nos. 2,295,587 and 2,399,013. 
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The Crystal Structure of Ni. W 


E. EPREMIAN* and D. HARKER} 


THE constitution of the nickel-tung- 
sten system has been studied by a num- 
ber of investigators, the most recent of 
which are Ellinger and Sykes.! On the 
basis of metallography, electrical re- 
sistivity and hardness measurements 
and some X ray diffraction work, they 
constructed a consitution diagram 
(Fig 1). Ellinger and Sykes report ao 
for the alpha face-centered cubic phase 
(nickel saturated with tungsten) as 
3.66A.{ The gamma phase (tungsten 
saturated with nickel) is given as body- 
centered cubic, but no value of ao is 
recorded. At 43 pct tungsten by weight 
(approximately 20 at. pct) a beta phase 
is reported, but structure and lattice 
parameter are not known. Primarily on 
the basis of metallographic evidence, 
they conclude that beta is a new phase 
and rule out the possibility of forma- 
tion of a superlattice since they observe 
a new phase in the microstructure. 

Grube and Schlecht? report an order- 
ing reaction in a system similar to the 
Ni-W (Ni-Mo) and Harker* has shown 
that Ni,Mo forms a superlattice upon 
the pre-existing face-centered cubic 
lattice of the alpha phase. Ellinger and 
Sykes observed a change in the dif- 
fraction pattern of a 43 pct W alloy 
upon aging and attributed it to the 
formation of a new phase. 

Thus, there appears to be some ques- 
tion as to the character of the beta 
phase reported by Ellinger and Sykes. 

-The purpose of the present work is to 
determine precisely the structure and 
nature of the beta phase in the Ni-W 
system of X ray diffraction methods. 


Experimental Procedure 


One inch diameter ingots of 43.66 


{ Distances are reported in true angstrom 
units throughout this work. Distances in kX 
must be multiplied by 1.00202 to give distances 


in angstroms. 


APRIL 1949 


ee em a mr On) 2000 0106 50 OOF O06 666066 OOOO OOOO OO 


ATOMIC PERCENT TUNGSTEN 


734 | 
eaeee Tt: 7.51 : 32.34 56.06 100 
LIQUID, ' LIQUID + y 
1495+5 % 03% NI 
4 c > N 
ie + 
oO 2 x 
= 11200 - 
Ww 
ae 
= l= 
B= 
a ° 
ww 1000 970 +10 C} 
= 
WwW 
us \ 
800 
600 
| i 
(o) 20 40 60 80 100 
WEIGHT - PERCENT TUNGSTEN 


FIG 1—Constitution diagram of the 


nickel-tungsten system 


after Ellinger and Sykes. 


pet, 40.15 pet and 34.06 pct tungsten 
by weight (19.8, 17.6 and 14.1 at. pct 
respectively) were melted and cast 
under vacuum from electrolytic nickel 
and pure wire filament grade tungsten. 
The ingots were soaked for 16 hr at 
1300°C in a hydrogen atmosphere 
furnace, then swaged at this tem- 
perature and finally drawn to 0.020 in. 
diam wire. Some of the bar stock was 
retained in 14 in. diam rod for hardness 
and metallographic studies. Wire sam- 
ples for diffraction work were sealed 
in evacuated quartz tubes and sub- 
jected to the various solution and 
aging heat treatments in a hydrogen 
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furnace. X ray photograms were taken 
in a Debeye-Sherrer camera using 
copper K radiation filtered by nickel 
foil. 


Results 


X RAY DIFFRACTION 


The lattice parameters of the alpha 
and gamma phases at saturation were 
determined by an X ray photogram of 
the 19.8 at. pet W alloy after solution 
heat treatment at a temperature 
well within the alpha-gamma range 
above the peritectoid temperature (17 
hr at 1150°C—oil quenched). The 
alpha phase was found to be face- 
centered cubic with ao of 3.594 + 
0.001A, while the gamma phase was 
determined as body-centered cubic 
with ao of 3.158 + 0.001A. Exactly the 
same phases and parameters were ob- 
tained with the 17.6 at. pet W alloy 
for the same solution heat treatment. 

Thorough analysis was made of an 
X ray photogram of a 19.8 at. pct 
alloy sample in the quenched and aged 
condition (solution treated 17 hr at 
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FIG 2—View of the structure of Ni,W along [001]. 


1150°C—oil quenched; aged 65 hr at 
950°C—oil quenched). An attempt was 
made to index the lines of the pattern 
on the basis of a tetragonally distorted 
face-centered cubic unit cell, but it 
was found that all of the new lines 
could not be accounted for. The lattice 
parameters of the small tetragonal unit 
cell were determined to be ay = 3.6248 
+ 0.001 and co = 3.553 + 0.001A with 
c/a = 0.980. 

It was necessary to choose a large 
tetragonal unit cell in order to assign 
indices to all of the lines appearing in 
the pattern. The dimensions of this 
unit cell are a’) = 5.730 + 0.001 and 
e'y = 3.553 + 0.001A with 

c/a = 0.620. 
The structural relationship between 
the two cells is shown in Fig 2. The 
following equations relate the indices 
of the small cell to those of the true 
large cell. (Primed indices refer to the 
new large cell): 


3h —k 
, 
be ee 
Ph oe 
ea 


=! 
The volume of the large cell is 2.5 times 
the volume of the small tetragonal 


5\% 
cell, a’y = (@) do and c’o = Co. 


Those lines which could be indexed 
on the basis of the small unit cell have 
indices for which 2h’ + k’ or h’ + 2k’ 
is a multiple of 5. These lines, which 
are quite sharp and strong, make their 
appearance by splitting from the lines 
of the alpha face-centered cubic phase. 
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The lines were indexed by making 
use of the relation Sin? 6 = A(h? + k?) 
+ B(12) where A and B are constants 
involving the lattice parameters and 

2? h? + k? 
wave length (from Sin? @ = i [ a 
[2 


ce 


+ 


the Sin? 6 values for several low order 
planes whose hkl indices were known 
with certainty to predict the Sin? @ 
values for planes with higher indices. 
The A and B values were fitted with 
the observed data and the lines in- 
dexed. These lines which were newly 
assigned indices were in turn used to 
index planes of still higher order, the 
process being repeated until all of the 
lines were identified. This method 
gives a self-consistent solution to the 
data, and automatically provides ac- 
curate values of the lattice parameters 
at values of 6 (the Bragg angle) near 
90°. It was found that h+ k+1 for 
all planes was even, which indicates 
that the structure is body centered. 
Table 1 summarizes the results ob- 
tained for the ordered structure. 

Since the unit cell of Ni,W is body- 
centered, and since there are 2 W atoms 
and 8 Ni atoms in a unit cell, there are 
three possibilities for the space group 
of the ordered structure, which are as 
follows (in the notation of 5): 
1.8% — 14:2Win2 (a) 

8Niin 8 (g) 
parameters z,7,z 
2. C5, —J4: 2Win2 (a) 
8Niin8 (ce) 
parameters x,y,z 


}): This relation was applied to 


3 Cha — 1 4/m: 2Win aa) 
8Niin 8 (h) 
parameters x,y 
All of these structures have the same 
projection on the z,y plane, but differ 
in the projection on the z-axis. 
Intensity calculations were made to 
determine which of the three possible 
space groups correspond to the struc- 
ture of Ni,W. The relative intensities 
of lines were calculated by means of 
the following formula: 
2 
I = Constant « ao Pik? ,nuAo 


mae 
ate, is the Lorenz and Polar- 


ization Factor 
Px is the multiplicity factor 
F?,,, is the structure factor 
Ag is the absorption factor 
6 is the Bragg angle 
Since the ordered structure is formed 
primarily from the alpha face-centered 
phase, it appeared likely that the 
atoms would be in an arrangement 
which is nearly that of cubic close 
packing. In this case, the approximate 
positions of the 10 atoms in the unit 
cell are as follows: 
W at zyz = 000and 4%% 
Ni at syz = Ho 30 443 Ho Ko 9; 


340 Mo 443 Ho Ho 9; 
80 Mo 0; Ko Mo 43 


30 Mo 95 Ko Ko . 
and the space-group is C®,, — I 4/m. 
It is seen that half of these atomic 
positions are merely lattice transla- 
tions of the others. Thus, the approxi- 
mate positions are: 
W at 000 
Ni at 36 46 0; 36 % 0; 26 360; % % 
0, that is, at 24 14 0 and positions 
derived from this by operation of the 
four-fold axis. 
The structure factor formula for I 4/m 
is: 
Fin = 2\fw + 2fxil[Cos 2r(he + ky) 
+ Cos 2r(ka — hy)]} 
where fw is the atomic scattering factor 
for tungsten 
fri is the atomic scattering factor 
for nickel 
hkl are the indices of the plane 
xy are the coordinates of one of 
the Ni atoms. 

Using the above structure factor 
formula in the equation for intensity, 
and properly taking into account the 
change in atomic scattering factor, 
Lorenz factor, and absorption factor 
with change in the Bragg angle, the 
intensities of all the lines were calcu- 
lated. Table 1 includes a comparison 
between the observed and calculated 
intensities of the lines for z = 0.400, 
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y = 0.200. Complete intensity calcula- 
tions were made in which z and y were 
varied in steps of 0.005 between 0.390 
— 0.410 and 0.190 — 0.210 respec- 
tively. The best agreement was ob- 
tained for x = 0.400 and y = 0.200, 
which, as is seen, was excellent. At- 
tempts to improve the agreement using 
the two other possible space-groups 
were fruitless. Hence, in the absence of 
any evidence to the contrary, the 
structure of Ni,W is that based on 
Cs, —I 4/m with « = 0.400 and 
y = 0.200. 

The structure is such that each 
atom has twelve nearest neighbors; 
W has twelve nearest Ni neighbors, and 
Ni has three nearest W neighbors and 
nine nearest Ni neighbors. A Ni atom 
has one W and three Ni neighbors at a 
distance of 2.5626A in the same basal 
plane, and two W and six Ni neighbors 
at 2.5377A in parallel planes above and 
below the basal plane. 

The mechanism by which Ni,W 
forms was studied by determining the 
sequence of changes in the intensities 
and positions of the lines in X ray 
diffraction patterns. Samples were 
aged for various times at temperatures 
between 750 and 950°C, after an 
initial solution treatment and quench 
from 1150°C. 

The X ray photograms of the 19.8 at. 
pet W alloy in the ordered state for 
shorter aging times also included lines 
corresponding to the gamma _ body- 
centered cubic phase. In all cases, the 
intensities of the gamma lines were 
less in the photogram of the ordered 
state than in the solution treated state, 
and decreased further upon longer 
aging. Thus, the gamma phase, as 
well as the alpha phase, is involved in 
the reaction which produces the beta 
phase. 

There are two possible mechanisms 
by which Ni,W might form, each hav- 
ing a characteristic sequence of dif- 
fraction patterns. In an ordering reac- 
tion, “‘the crystal structure of the 
alloy changes gradually as time pro- 
ceeds; the lines of the initial pattern 
change intensity, become diffuse, split 
into other lines, and, finally, the new 
lines move into constant positions 
and become sharp.’* A phase change 
on the other hand is indicated by a 
sequence in which ‘‘the lines on the 
initial pattern remain almost unaltered 
in position and sharpness, but decrease 
in intensity during the reaction, 
while new lines appear and increase in 
intensity without much change in 
sharpness or position.” 
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Table 1.. : 19.8 Atom Percent W Alloy: Solution Treated 17 Hours at 
1150°C—Oil Quenched. Then Aged 65 Hours at 950°C—Oil 
Quenched. Copper K. Radiation. 


Ratio of Intensities z = 0.400 
y = 0.200 
hkl 8 Observed z=0 
Intensity 
Observed Calculated 
110 11.081 8 
101 14.897 10 10 
200 15.651 5% mNO/Ten Og 0126 
211 21.840 0 ee 7.27 15.0 
‘ 220/211 0.13 ; 
310 25.221 25 310/220 5.0 of) 
301 27.306 6 301/310 
0.46 14 
112 28.287 6 112/301 1.00 0°07 
202 30.767 5 202/112 0.83 0.89 
$21 32.164 8 321/202 1.60 1.91 
400 32.586 2 400/321 0.25 0.24 
330 34.867 3 330/400 1.50 1.25 
222 35.331 4 222/330 1.33 1.44 
411 36.622 5 411/222 1.25 1.97 
37.039 13 420/411 2.60 3.14 
312 37.467 25 312/420 1.92 1.91 
41.651 4 103/312 0.16 0.08 
510 43.351 4 510/103 1.00 1.01 
402 43.742 4 402/510 1.00 1.01 
501} 45.038 20 501 5.00 23.4 
431/ 402 
2131 45.859 13 213 /501 0.65 0.54 
422 47.928 13 429 HE 
92 1.00 0.97 
2 
oa 49.198 8 oa! 0.62 0.22 
440 440/ 422 
303 49.891 4 308 /321 0.50 0.41 
440 
530 51.681 5 530/303 1.25 1.03 
00 53.748 2 600/530 0.40 0.55 
512 
aoe 54.278 9 823 / 6.75 8.02 
12/ 600 
5122 \ 54.440 446 
32302 
611 57.822 5% 611 /323 0.41 0.56 
12 
620a1 58.284 8 620/611 2.18 3.00 
6202: 58.481 4 : 
21 ‘758 5 413/620 ; 
413a2 58.976 2 a oe ine 
00401 60.223 * 
004ee 60.477 2% 
an 61.134 442/413 1 : 
44209 61.399 2% + oe 
L14on 62,622 10 114 / 2.00 3.35 
a1 541/ 442 
1l4a2 
54las 62.910 5 
532a1 63.683 8 532 /i4 0.80 0.72 
41 
ries 3 937 4 
ext 274 5 204/532 0.63 0.57 
204c2 65.563 2 - 
602a1 66.300 5 602/204 1.00 1.00 
602a2 66.647 2% 
63la1 68.035 20 631/602 4.00 13.4 
631a2 68.421 10 
3a1 9.33 30 433 1.50 2.04 
seat 303/ 631 
etal 69.620 15 
a2 
224.01 71.188 5 224 0.64 0.70 
5501 | 71.867 16 550 i, 433 
a2 710/ 503 
71001 
550a2 
eee 72.329 8 
6221 72 -639 16 622 / 3 0.83 0.93 
a2 : 8 0 
314a1 74.956 20 is 710 1.25 1.34 
314/622 
314a2 15.543 10 
523a1 76.649 10 523/314 0.50 0.21 
52302 77.214 5 


* Too: does not vary with change in g, y. 


At 750°C, for aging times up to 17 
hr, the alpha and gamma lines retain 
their position and intensity, indicating 
that there is no change in structure. 
Perhaps longer times at this tem- 
perature would have produced appreci- 
able X ray diffraction effects. At 
775°C and higher temperatures (800, 
850, 900 and 925°C) new lines appear 
in the diffraction patterns. For shorter 
aging times, the change in structure is 
indicated by a blurring of the lines, 


and, on further aging, the lines sharpen 
and move into position and new weak 
lines appear. This behavior is evidence 
of a mechanism similar to an ordering 
reaction as opposed to an ordinary 
phase change. 

At 950°C, however, the initial lines 
retain their position and sharpness, 
but decrease in intensity while new 
lines appear in the pattern in the man- 
ner characteristic of a phase change. 
The final structure obtained at this 
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Fig 3 


Fig 4 


Fig 5 


Fig 6 


Fig 7 


FIG 3—Solution treated for 17 hr at 1150°C—oil quenched. Strong lines of face-centered 
cubic alpha and weak lines of body-centered cubic gamma. 
FIG 4—Solution treated, then aged for 4 hr at 925°C-—oil quenched. Beta lines split 


from alpha lines. 


FIG 5—Solution treated, then aged from 17 hr at 925°C—oil quenched. Beta lines shift 


toward their final positions. 


FIG 6—Solution treated, then aged for 17 hr at 950°C—oil quenched. Alpha lines are 
sharp and strong. Beta lines make their appearance in their final positions. 
FIG 7—Solution treated then aged for 65 hr at 950°C—oil quenched. Structure is en- 


temperature by a phase change is the 
same as that obtained by a different 
reaction at the lower temperatures. 
Thus, the mechanism, but not the 
product, of the reaction appears to 
depend upon the temperature. Dif- 
fraction patterns illustrating the two 
sequences of changes in the 19.8 at. 
pet W alloy are given in Fig 3-7. 

The X ray diffraction pattern of a 
quenched and aged sample of the 17.6 
at. pet W alloy (17 hr at 1150°C—oil 
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tirely beta. All lines are in their final positions. 


quenched, and aged 65 hr at 950°C— 
oil quenched) showed the alpha face- 
centered cubic phase as well as some- 
what diffuse lines of the ordered, 
body-centered tetragonal structure. 
Several gamma lines were present in the 
patterns for shorter aging times, but 
they decreased in intensity with in- 
creased time of aging, indicating that 
gamma is unstable in the 17.6 at. pct 
W alloy at 950°C. The beta phase 
obtained with this sample was not as 


perfectly crystalline as that shown by 
the 19.8 at. pet W alloy for the same 
heat treatment, confirming the fact 
that the latter is closer to the stoichio- 
metric ratio of the ordered compound. 

Samples of the 17.6 at. pct W alloy 
were aged at various temperatures 
below 950°C and examined by X ray 
diffraction. It was found that samples 
aged below 850°C consist of only the 
beta phase, while those aged above 
this temperature are composed of the 
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; FIG 8a—d—17.6 atom percent W alloy. Slightly reduced in reproduction. 
a. Solution treated for 17 hr at 1150°C—oil quenched. Alpha matrix with spheroids of gamma. 500 X. 
b. Solution preeted then aged for 17 hr at 950°C—oil quenched. Alpha matrix with spheroids of gamma and newly formed 
regions of beta. 
. Solution treated, then aged for 65 hr at 950°C—oil quenched. Alpha and beta matrix with residual spheroids of gamma. 
- Same sample as Fig 8b, but with oblique light at 1000 X. Beta phase with striations. 


ae 


alpha phase as well. These results are 
evidence that the range of solid solu- 
bility of the beta phase is wider than 
reported by Ellinger and Sykes. It 
appears that the beta region in the 
constitution diagram should be ex- 
tended to the left below 850°C to at 
least 17.6 at. pct W. No data are 
available to establish the boundary 
on the right, that is, at W concentra- 
tions above 20 at. pct. 

The diffraction pattern of a solution 
treated (17 hr at 1150°C—oil quenched) 
sample of the 14.1 at. pct W alloy 
(34.06 pct by weight), showed lines 
of only the alpha phase with a, = 3.584 
+ 0.001A. This result is in agreement 
with the boundary drawn by Ellinger 
and Sykes between the alpha and alpha 
plus gamma fields. 
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Aging this alloy for 17 hr at 850°C 
and at 900°C produced no change in 
the diffraction pattern, although El- 
linger and Sykes found a marked in- 
crease in hardness for these heat 
treatments. 


METALLOGRAPHY 


The microstructure of the alloys 
in both the quenched and aged condi- 
tions were examined. The 19.8 and 17.6 
at. pct W alloys in the quenched state 
showed an alpha solid solution matrix 
with spheroids of gamma. The alloy 
with lower tungsten content had less 
gamma phase. For the aged condition, 
the microstructures of these two alloys 
display a decrease in the amount of 
gamma and the formation of new areas 


in the matrix. There is no difference in 
the type of microstructure obtained 
with samples aged at 850 and 950°C. 
These new areas are no doubt the 
regions of ordered NisW, since they 
form where gamma is present. Micro- 
graphs of the various structures are 
shown in Fig 8 and 9. 

Ellinger and Sykes report that the 
microstructure of the 14.1 at. pet W 
alloy in the quenched condition shows 
a homogeneous solid solution of alpha. 
After long aging, there is a thickening 
of grain boundaries and a_ general 
darkening of the alpha grains. These 
authors conclude from this observa- 
tion that the alloy has decomposed into 
two phases. This need not be the case, 
since the same changes in appearance 
can occur on ordering. 
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FIG 9a-c—19.8 atom percent W alloy. Slightly reduced in reproduction. 
a. Same heat treatment and phases as Fig 8a. 
b. Same heat treatment and phases as Fig 8b. 
c. Same heat treatment and phases as Fig 8c. 


ELECTRICAL RESISTIVITY 


Electrical resistivity measurements 
were made on the 19.8 and 17.6 at. pet 
alloys in the solution treated and aged 
conditions. The results obtained are 
tabulated below: 


Table 2... Results of Electrical 


Resistivity Measurements 
Electrical resistivity at room temperature in 
microhms per cm — 


Vee Solution Treated* Agedt 
19.8 110.2 54.4 
17.6 125.4 81.2 


*17 hr at 1150°C—oil quenched 
+ 17 br at 1150°C—oil quenched 
65 hr at 950°C—oil quenched 


The sharp drop in electrical resistivity 
upon aging indicates the migration of 
atoms to periodically arranged sites 
in the structure, that is, increasing 
order. The fact that the resistivity of 
the 17.6 at. pct W alloy does not drop 
to as low a value as does the 19.8 at. 
pet W alloy upon aging at 950°C is 
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explained either by the fact that the 
former consists of alpha and beta 
whereas the latter is entirely beta, or 
that the 19.8 at. pet W alloy is better 
ordered, being nearer the stoichio- 
metric ratio Ni,W. 


HARDNESS 


The hardness of the 19.8 at. pct 
alloy as a function of the time and 
temperature of aging was determined. 
These results are shown in Fig 10, 


and it is seen that the hardness of the _ 


alloy increases in the usual manner as 
the time and temperature are in- 
creased. There is a definite indication 
of over-aging at all temperatures, and 
the time of overaging increases with 
decreasing temperature. The hardening 
curves at 850 and 950°C appear to be 
similar in form, but differ from that 
obtained at 750°C. 

Hardness data obtained by Ellinger 
and Sykes for an alloy similar to the 


17.6 at. pet alloy show much the same 
behavior except that the maximum 
hardnesses attained are less than 
those developed in the 19.8 at. pct W 
alloy. 

It is apparent that NisW may be 
classified as an intermetallic compound 
since it has a narrow range of homo- 
geneity, a simple stoichiometric formula, 
and an ordered structure.6 Beta, as 
formed in these experiments, is charac- 
terized by extreme brittleness, high 
hardness, and relatively high electrical 
resistivity. 


Summary and Conclusions 


At approximately 20 at. pct tung- 
sten in the Ni-W system there exists 
an ordered beta phase which is an 
intermetallic compound Ni,W. Its 
structure is body-centered tetragonal 
with a’) = 5.730 + 0.001A, c’) = 3.553 
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HARDNESS — ROCKWELL C 


FIG 10—Hardness of 


+ 0.001A and c/a = 0.620. The unit 
cell contains two W atoms at 000 and 
1g 146 4 and eight Ni atoms at 0.100 
0.300 0.500; 0.200 0.600 0; 0.300 
0.900 0.500; 0.400 0.200 0; 0.600 
0.8000; 0.700 0.100 0.500; 0.800 0.800 
0; 0.900 0.700 0.500 (space group C54, 
— [4/m.) 

Beta forms upon prolonged heating 
below 970 + 10°C from an alpha face- 
centered cubic phase and a gamma 
body-centered cubic phase. The struc- 
ture of Ni,W is based primarily on the 
alpha face-centered cubic lattice which 
undergoes a slight tetragonal distor- 
tion. The true unit cell, however, has a 
volume which is 2.5 times the volume 
of the small tetragonal cell. 

The mechanism of formation of 
Ni,W appears to be temperature 
dependent. On the basis of the sequence 
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1.0 3 ike) 30 100 


AGING TIME— HOURS 


QUENCHED : 


300 1000 


19.8 atom percent W alloy as a function of time and temperature 


of aging after quenching from 1150°C. 


of changes in the diffraction patterns, 
it is concluded that up to quite high 
temperatures the reaction proceeds by 
a mechanism similar to ordering but at 
still higher temperatures occurs by a 
phase change. 

Evidence is presented which shows 
that the range of solid solubility of 
the beta phase is wider than reported 
previously. 

The hardness, electrical resistivity, 
and microstructures of the alloys are 
discussed. 
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Sulphur Equilibria between Iron 
Blast Furnace Slags and Metal 
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GERALD G. HATCH* and JOHN CHIPMAN,* Member AIME 


One of the important functions of 
the iron blast furnace is the desulphur- 
ization of pig iron before it enters the 
steelmaking furnaces. However, the in- 
creasing concentrations of sulphur in 
the metallurgical coke, source of ap- 
proximately 90 pet of the sulphur pres- 
ent in the blast furnace charge, and 
demands for higher rates of production 
within recent years have increased the 
need for greater desulphurization within 
the iron blast furnace. Furnace opera- 
tors are beginning to look for desul- 
phurizing agents other than blast 
furnace slag to accomplish the desired 
degree of desulphurization. A consider- 
able amount of work has been done on 
desulphurization outside the furnace 
with soda ash, calcium carbide and 
various synthetic slags. Whether the 
desulphurization of pig iron is accom- 
plished wholly inside the furnace or 
partly inside and the remainder out- 
side, will be determined by the eco- 
nomics involved. Regardless of which 
is the case, it is believed that it is 
necessary to have a better understand- 
ing of the physical chemistry of de- 


sulphurization by blast furnace slags. | 


To this end, it is the object of the pres- 
ent investigation to attempt what is 
believed to be the first equilibrium 
study of the distribution of sulphur 
between liquid pig iron anda wide 
range of blast furnace slag compositions. 


Review of Literature 


There is a considerable amount of in- 
formation in the literature concerning 
the desulphurizing power of iron blast 
furnace slags, the solubility of various 
sulphides in the slags, and the effect on 
desulphurization of temperature, of 
elements dissolved in the liquid iron, 
and of viscosity. However, there is 
nothing to indicate that the equilibrium 
distribution of sulphur between liquid 
iron saturated with carbon and iron 
blast furnace slags has been studied 


274 . . . Metals Transactions 


experimentally. 

Wentrup! has made probably the 
most detailed study of the desulphur- 
ization of pig iron to date. He con- 
sidered that there are three distinct 
aspects involved, namely: 1. Desul- 
phurization within the blast furnace 
(by lime and manganese). 2. Subse- 
quent desulphurization by manganese. 
3. The effect of subsidiary reactions on 
the desulphurization by manganese. 

The experimental work carried out 
by Wentrup was devoted mainly to 
obtaining a better understanding of 
how desulphurization by manganese 
was accomplished in the mixer and the 
ladle. Particular attention was given to 
the part played by carbon, silicon, and 
phosphorus associated with manga- 
nese in the iron, and the effect of 
temperature on desulphurization. The 
experimental results indicated that de- 
sulphurization by manganese is purely 
a process of crystallization of manga- 
nese sulphide. The addition of silicon 
to iron melts containing 3.5 pet carbon 
and less than 0.5 pet manganese had 
no noticeable effect on desulphuriza- 
tion, but with 1-2 pct manganese the 
silicon additions improved the desul- 
phurization. Additions of phosphorus 
also resulted in improved desulphuriza- 
tion by manganese, but the effect was 
not as marked as in the case of silicon. 
It was also found that desulphurization 
by manganese was further improved by 
lowering the temperature. 
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In order to explain desulphurization 
inside the blast furnace, Wentrup con- 
sidered the system iron, sulphur, 
calcium, oxygen, manganese, (silicon). 
The distribution of sulphur between the 
metal and slag was represented by the 
following equation: 

(2S) _ (S)Fe + (S)Ca + (S)Mn ] 
IS] [S] 

The parentheses and the brackets rep- 

resent the equilibrium concentrations 

in weight per cent of the slag and metal 

constituents, respectively. 


Since 
eS = (Fes) 
(FeS)  (S)Fe ; 
Ines = Tres] ~ [S| [2] 
(CaO) + 8S = (FeO) + (S)Ca 
Kx, = FeOy(S)Ca_ (S)Ca _ , (CaO) 
* ~ (CaO) > isl os SGeO) 
[3] 


Mn + 8 = (S8)Mn 
_ (S)Mn_(S)Mn 
* [Mn][S}’ <[S] 
Substitution of Eq 2, 3, and 4 into 
Eq 1 resulted in 
(38) 
[S] 


yy 


= K.[Mn!| [4] 


(CaO) 


aa Tyres =F ky (FeO) 


+ k.[Mn] 
. [5] 
Eq 5 was used to calculate sy and 


[S] at 1480°C for slags containing 30-50 
pet lime, 0.1-2.5 pct iron oxide, 0-26 
pet silica, 2 pet sulphur and iron 
analyzing 1.5 pet manganese. The value 
for Lyeg at 1480°C was found to be 
equal to 4.5, based on the experimental 
work of Bardenheuer and Geller.? The 
results of the calculations are shown 
in Table 1. Although the slags are 
hypothetical and do not represent the 
range of compositions found in ordi- 
nary blast furnace practice, the calcula- 
tions indicate that lime is effective in 
controlling desulphurization only if 
the iron oxide and silica contents of the 
slag are kept low. Schenck? did not 
claim K, to be a true equilibrium con- 
stant, but an empirical value which 
varied with the silica content of the 
slag. 
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Holbrook** and Joseph studied the 
desulphurizing power of blast furnace 
slags. From their experiments carried 
out under standardized laboratory 
conditions, desulphurizing power was 
defined as being equal to the ratio: 

_% sulphur in slag (% $) 
% sulphur in metal [%S] 

No mechanical method of mixing the 
slag and metal was employed in this 
-work, as the investigation was not con- 
cerned with attainment of equilibrium 
but with the determination of the rela- 
tive desulphurizing powers of slags 
under controlled laboratory conditions. 
It was found that in magnesia-free slags 
the~—desulphurizing power increases 
rapidly as lime replaces silica; less 
rapidly as lime replaces alumina and 
slowly as alumina replaces silica. The 
desulphurizing power decreases slightly 
with the addition of magnesia to the 
acidic slags and increases markedly 
when magnesia is added to the very 
basic slags. Magnesia decreases the 
viscosity of the slags, and thereby 
allows the very basic slags to exhibit 
their inherently strong desulphurizing 
qualities. Holbrook and Joseph also 
suggested that the evolution of carbon 
monoxide accompanying desulphuriza- 
tion retards the descent of falling metal 
drops and carries calcium sulphide and 
globules of metal away from the bath 
interface and into the slag, contributing 
~ to the effectiveness of the reaction. 

McCaffrey and Oesterle’ have carried 
out comprehensive experiments on the 
solubility of calcium sulphide and man- 
ganese sulphide in slags of the ternary 
system, silica, lime, and alumina. Their 
results indicate that the solubility limit 
of sulphur as calcium sulphide and 
manganese sulphide is considerably 
higher than the sulphur content of 
ordinary blast furnace slags, and that 
the actual chemical composition of the 
slag is of less importance than the tem- 
perature of the slag in affecting sulphur 
solubility. 
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Imhoff? has claimed that sulphur oc- 
curs in three forms in blast furnace 
slags: (1) combined as calcium. sul- 
phide; (2) free sulphur held in solution 
in the slag and (3) sublimed sulphur, 
the result of excess sulphur in the 
burden. 

Martin, Glockler, and Wood!’ ex- 
amined in the laboratory the forms 
in which ferrous sulphide, manganese 
sulphide, and calcium sulphide occur in 
a blast furnace slag. The glasses ob- 


tained by quenching a molten slag to_ 


which the sulphides were added sepa- 
rately, were shown to contain a colloidal 
phase. The data indicated that the 
sulphides are present also in solution 
in the slag. Fhe authors believed that 
the colloidal particles were sulphides 
and that the colloidal condition was 
present in the molten slag, as heat treat- 
ment below the softening point did not 
affect the intensity of the colloid. In 
order to explain the stability of the 
colloidal phase in molten slags Martin 
and Glockler proposed an ionic con- 
stitution for blast furnace slags. 

The work by Martin and Derge!* on 
the electrical conductivity of molten 
blast furnace slags has provided further 
evidence of high degrees of ionization. 
Herasymenko!” has proposed that 
molten slags are completely ionized. 

In contrast to the ionization concept 
has been the older molecular theory of 
blast furnace constitution. The re- 
searches of McCaffrey,!! Field and 
Royster,’ Hay’ and others on the 
viscosity of mixtures of lime, silica, 
alumina, and magnesia at temperatures 
well above their melting points, show 
that the slags behave in a manner 
similar to simple solutions, the changes 
in viscosity with change of composition 
being relatively small. However, Mc- 
Caffrey,!? and Colclough" have stated 
that in the temperature range 50-100°C 
above the melting range blast furnace 
slags are composed of minerals of 
definite composition and properties. 


Abell!® also was convinced that 
molten blast furnace slags are com- 
posed of molecular compounds. How- 
ever, he proposed that the slags are 
composed of spinels and silicates and 
maintained that the silicates act as 
comparatively inert solvents for the 
spinels which alone are capable of 
reacting with the sulphur in the iron. 


Experimental Methed 


FURNACE 


In order to study the equilibrium 
distribution of sulphur between iron 
blast furnace slags and liquid iron 
saturated with carbon, a small induc- 
tion furnace was built, which held a 
graphite crucible containing 200 g of 
metal and 400 g of slag. The amount of 
metal was determined by the maximum 
number of samples that would be re- 
quired in any run. The comparatively 
large amount of slag was believed to be 
sufficient to maintain the slag at con- 
stant composition over the narrow 
temperature range employed. 

Carbon monoxide gas is evolved in 
the desulphurization reaction. If an 
equilibrium state was to be maintained, 
the partial pressure of this gas had 
to be held constant. Thus carbon mon- 
oxide was used as the furnace atmos- 
phere. Since the crucible was to be 
made of graphite, little or no stirring 
of the metal could be expected from 
electro-magnetic forces. Thus it was 
proposed to attain the equilibrium 
state by stirring the slag and metal 
with a graphite stirring rod. 

The induction furnace is shown in 
Fig 1. The graphite crucible, M, is 7 in. 
long and 214 in. id with a wall thickness 
of 3g in., and it contains a well, 1 in. 
in diam and 14 in. in depth, which 
provides an additional depth of metal 
for sampling. The crucible is insulated 
on all sides by a porous carbon tube, 
K, and by porous carbon blocks, L and 
P. Lampblack is packed between the 
porous carbon tube and the silica 
tube, J, to further insulate the furnace. 
The silica tube is placed in an annular 
slot, fitted with a silicone gasket, on 
the soapstone base. 

A water-cooled brass plate, C, closes 
off the top end of the silica tube. The 
brass plate is fitted with a rubber 
gasket. Three holes were drilled in the 
plate to serve as inlets for taking 
samples and temperature measure- 
ments, for inserting the graphite stir- 
ring rod and the graphite tube contain- 
ing the carbon monoxide gas. 
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The graphite stirring thimble is 
threaded into the stirring rod, which 
is attached to the chuck of a 149 hp 
variable speed electric motor. Carbon 
monoxide gas contained in a high pres- 
sure cylinder is passed first through a 
precision bore rotameter tube, before 
entering the furnace by means of a 
graphite tube. This graphite tube is 
¥é in. id and 21 in. long with a 3/¢ in. 
wall thickness. The tube rests on the 
furnace bottom, thus causing the gas to 
flow through both the metal and slag 
layers. Both the stirring rod and graph- 
ite tube are fitted with brass bushings 
which rest on the brass plate. The 
furnace is thus closed to the atmosphere 
at all points except for the sampling- 
temperature measuring hole. This in- 
sures that all the carbon monoxide 
is withdrawn from the furnace and 
burned at one point. 


METAL AND SLAG CHARGES 


High-carbon wash metal was used 
as the source of iron. When it was de- 
sired to approach equilibrium from the 
side of high sulphur in the metal, 
ferrous sulphide was added to the 
metal. In order to approach equilibrium 
from the slag side a low sulphur melting 
stock was prepared, which consisted of 
electrolytic iron melted in contact with 
a graphite rod, and calcium sulphide 
was used as the source of sulphur in the 
slag. In those runs in which the silica 
content of the slag was high, silicon 
metal was added to the metal charges 
to decrease the amount of transfer of 
silicon from slag to metal. In order to 
homogenize the slags as much as possi- 
ble before using them in the experi- 
mental furnace, a series of eight master 
slags were melted in graphite crucibles. 
These master slags were made up from 
mixtures of chemically pure lime, puri- 
fied silica sand, alumina, and magnesia. 
They were crushed, sampled, and 
analyzed. Slag charges for the experi- 
mental runs were readily prepared from 
the master slags, with small additions 
of the pure constituents as required to 
produce slags of the desired analyses. 


TEMPERATURE MEASUREMENT 


In the first run, the temperature 
was measured with both an optical 
pyrometer and a platinum-platinum. 
10 pct rhodium thermocouple. The 
optical pyrometer was sighted down 
a 14 in. id graphite tube, which had 
its lower end closed off. The readings 
taken with the thermocouple inside 


276 . . . Metals Transactions 


4 
@ 5, LL 


TH 


oa 


oe 
Ssasese 


QouddvdddddddUdOoddddDDDNdOAI0ONA0N 


| Je 
WA 


SCALE IN INCHES 


FIG 1—Details of furnace. 


the graphite tube checked within 
+2°C at 1500°C with those taken 
simultaneously with the optical pyrom- 
eter. Thus, since the true black body 
temperature was obtained with the 
optical pyrometer, and as the tem- 
perature was so readily measured this 
way, the optical pyrometer was used 
exclusively in all subsequent runs. The 
platinum-platinum, rhodium thermo- 
couple served to check the optical py- 
rometer periodically. The main source 
of error with respect to temperature 
was not in the measurement but in 
the difficulty of maintaining the tem- 
perature constant by means of the 
manually operated power supply. It 
was found that the temperature could 
be held only within +10°C of the 
desired value for the duration ofeach 
run. 


FURNACE OPERATION 


From the experience gained in the 
early runs the following procedure was 


Stirring rod 

Brass bushing 

Water cooled brass plate 
7% in. diam. hole for sam- 
pling and temp. measuring 
Rubber gasket 

Transite frame 

Silica tube 

5 in. od, 4)4 in. id, 

24 in. long 

Lampblack 

Porous carbon tube 

4 in. od, 34 in. id, 

22 in. long 

Porous carbon block 

3 in. od 

Graphite crucible 

3 in. od, 234 in. id, 

7 in. long 

Sampling well 

1 in. diam. }4 in. deep 
Induction coil 

Porous carbon block 


BQ Wons> 


Aa 


Son 


3 in. diam. 

34 in. diam hole 
Rubber stopper 
Silicone gasket 
Soapstone base 


HnamoO wo Z 


found to be satisfactory in establishing 
equilibrium: 

Two hundred grams of wash metal 
were charged into the crucible. With 
the stirring rod resting on the metal 
charge, the graphite cover, the porous 
carbon insulating block and the brass 
plate were placed in position. Four 
hundred grams of slag of the desired 
composition and having 1.5 pct sulphur 
as calcium sulphide were then intro- 
duced into the crucible by means of a 
funneled pyrex tube. The water and 
power were turned on and the furnace 
was purged out with nitrogen. After 
the charge was melted, the stirring 
mechanism was clamped so that the 
bottom of the stirring thimble was 
lg of an inch from the bottom of the — 
crucible. The stirrer was started and 
operated at 500 rpm. The nitrogen 
gas was turned off and carbon monox- 
ide was introduced, at approximately 
900 ml per min., down into the melt 
by means of the graphite tube which 
rested on the furnace bottom. A pilot 
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flame was maintained at the mouth 
' of the sampling hole to insure that 
the carbon monoxide burned as it was 
discharged from the furnace. In case 
any carbon monoxide escaped un- 
burned, an exhaust hood was placed 
close to the furnace. 

The temperature was adjusted to 
the desired value and maintained at 
that value for the duration of each 
run by adjusting the power input. 
Experience with various slags indi- 
cated that the sulphur equilibrium was 
attained in 4 to 6 hr time, depending 
on the viscosity, temperature, and 
composition of the slag. As a result, 
the duration of the runs was estab- 
lished at 7 hr. Metal samples were 
taken at end of 5, 6, and 7 hr. The 
metal sampler consisted of thin-walled 
silica tube, 3, in. id, attached to a 
rubber aspirator bulb. No real diffi- 
culty was experienced in obtaining 
sound 10 to 15 g samples provided the 
slag was not too viscous. The slag was 
sampled at the end of the run by 
dipping a 5 in. diam brass rod into 
the slag layer. The last metal sample 
was analyzed for sulphur, carbon, and 
silicon, while the first and second 
samples were analyzed for sulphur 
only. A complete analysis was made 
on the slag sample. Both the metal 
and slag samples were analyzed for 
sulphur by the combustion method. 
This method consists of igniting the 
sample at 1300 to 1400°C in a stream 
of oxygen. The gas given off from 
the sample is bubbled into a 3 pct 
solution of hydrochloric acid and 
titrated as it is evolved with potas- 
sium iodate solution. The combustion 
method takes less sample, 1 g of metal 
or 0.2 g of slag, than either the volu- 
metric or gravimetric method. It is 
more accurate than the volumetric 
and is much less tedious to perform 
than the gravimetric. The sulphur 
‘determinations on the metal samples 
by this method are accurate within 
+0.001 pct sulphur. An analysis is 
completed in less than 10 min. time. 


SLAG VISCOSITY AND 
SLAG-TO-METAL TRANSFER 
OF SILICON 


At temperatures above 1500°C, a few 
preliminary runs demonstrated that 
in a graphite crucible liquid iron could 
absorb as much as 10 pet silicon from a 
slag containing more than 40 pct silica. 
Since the effect of such high percent- 
ages of silicon on the equilibrium con- 
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centration of sulphur has not been 
determined experimentally, it was 
planned to maintain the silicon content 
in the metal at less than 2 pct. In order 
to do this, the maximum allowable 
concentration of silica in the slag was 
estimated to be 35 pct, with a maximum 
temperature of 1500°C. On the other 
hand, since the viscosity of slags in- 
creases with decrease in temperature, 
for any given slag there is a temperature 
below which it is not feasible to carry 
out any equilibrium studies. The work 
by McCaffrey on viscosity measure- 
ments of blast furnace slags proved 
invaluable in determining this lower 
temperature limit. From McCaffrey’s 
data and from the experience gained in 
the first seven runs it was found that 
1400°C was about the lowest tempera- 
ture at which an appreciable range of 
slag compositions could be investigated. 

On the basis of the above considera- 
tions, a series of runs was made at 
1425°C in order to determine the re- 
lationship between slag composition 
and desulphurization. Runs were also 


made at 1500°C to study the effect of. 


temperature on desulphurization. 

In runs H-31 and H-37 the silicon 
concentrations in the metal were 3.23 
and 4.80 pct, respectively. These higher 
silicon concentrations did not appear 
to affect the sulphur equilibrium. In 
addition, calculations by Chipman on 
the activities of liquid iron in the iron- 
silicon-carbon system indicated that 
the activity of iron is only slightly 
affected by additions of up to 10 pct 
silicon to liquid iron saturated with 
carbon. Also, the work of Wentrup on 
the desulphurization of pig iron by 
manganese showed that silicon did not 
affect desulphurization provided that 
the manganese concentration was less 
than 0.5 pct. On the basis of these facts 
it was assumed that silicon does not 
greatly affect the sulphur equilibrium 
concentration in liquid iron saturated 
with carbon. 

Although the present investigation 
was concerned primarily with the equi- 
librium distribution of sulphur between 
slag and metal it was interesting to de- 
termine whether an equilibrium was 
established with respect to silicon. It 
was found that the silicon equilibrium 
was much more slowly attained than 
was the sulphur equilibrium between 
slag and metal. This fact was demon- 
strated when runs H-19, H-24, H-25, 
and H-36 were remelted and more 
sulphur was added in order to study 
the effect of an increase in the sulphur 
content of the slags on the sulphur 


equilibrium. In these remelted runs, it 
was observed that the silicon con- 
centrations in the metal were higher 
than they had been in the original 
runs, showing that equilibrium with 
respect to silicon had not been originally 
attained. It was interesting to note that 
in the original runs, even though the 
silicon equilibrium was not attained, 
lowering.the temperature from 1550 to 
1425°C caused the silicon slag-to-metal 
transfer to reverse, and hence resulted 
in a decrease in the silicon content of 
the metal. This indicated that the 
temperature coefficient for the silicon 
equilibrium is very high. 

In run H-33, the silicon equilibrium 
was approached from both sides by 
first holding the temperature at 1500°C 
for 6 hr, followed by 1 hr at 1600°C and 
then 314 hr at 1500°C. The equilibrium 
state was found to lie between 1.71 and 
2.29 pct silicon in the metal. This run 
was remelted and maintained at 1500°C 
for another 7 hr. At the end of this 
period the metal analyzed 2.08 pct 
silicon. On the basis of these results, the 
remelted runs H-34, and H-44 to H-48, 
are considered to have approximated 
equilibrium with respect to silicon. 


ATTAINMENT OF THE SULPHUR 
EQUILIBRIUM 


Ferrous sulphide was the only source 
of sulphur available in the early runs. 
Consequently at the beginning of each 
run the slag-metal system was far re- 
moved from equilibrium and the initial 
sulphur transfer to the slag was ex- 
tremely rapid as was evidenced by the 
strong bubbling of the slag and the 
evolution of carbon monoxide gas. 
However, the bubbling action soon 
stopped and the rate of sulphur transfer 
proceeded extremely slowly thereafter, 
so slowly that the sulphur content of 
the metal had not reached a constant 
value after 5 hr with a stirrer speed of 
100 rpm. In order to improve the possi- 
bility of attaining equilibrium within a 
reasonable length of time, the speed of 
the stirring rod was increased to 500 
rpm in run H-8. However, the increased 
stirring speed did not greatly improve 
the rate of attaining equilibrium. 

Since the equilibrium concentrations 
of sulphur in the metal for the various 
slags studied appeared to be quite low 
it was believed that the equilibrium 
state might be more readily approached 
from the side of high sulphur in the slag. 
In runs H-9 and H-14, sulphur, as 
calcium sulphide, was added to the slag 
charge. The sulphur reached a con- 
ee SAT/T) 
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stant value after 4 and 2 hr in runs 
H-9 and H-14, respectively. This dif- 
ference in the time required to reach 
equilibrium was occasioned by (1) 
temperature, run H-9 being at 1425°C 
and H-14 at 1500°C, and (2) slag 
composition, the slag used in run H-14 
being much more basic than in run H-9. 

In an effort to further decrease the 
time to equilibrium carbon monoxide 
was bubbled into the metal and slag at 
approximately 600 ml per min. in run 
H-17. Thus with calcium sulphide as 
the source of sulphur, with the stirrer 
operating at 500 rpm and with carbon 
monoxide bubbling through the bath, 
it appeared that 4 or 5 hr was sufficient 
time for any slag to come to equilibrium 
with the metal. Consequently, in run 
H-19 the temperature was held con- 
stant at 1500°C for 5 hr and then it 
was decreased to 1425°C where it was 
maintained for 4 hr. This procedure 
was adhered to from run H-19 to 
H-30, except where viscosity and 
silicon-transfer considerations did not 
permit the slag to be studied at both 
1500 and 1425°C. 

The results of the analyses on these 
runs showed that the sulphur content 
of the metal increased when the tem- 
perature was lowered from 1500 to 
1425°C. However, the analyses also 
revealed that equilibrium had not been 
attained in all these runs. Thus, begin- 
ning with run H-31, the furnace was 
held at one temperature for 7 hr and 
the rate of flow of carbon monoxide 
was increased from 600 to 900 ml per 
min. This practice insured the attain- 
ment of equilibrium, and was followed 
in all the succeeding runs. 

It must be pointed out that in every 
run in which calcium sulphide was 
used as the source of sulphur, the suc- 
cessive metal samples did not increase 
in sulphur, but rather decreased, until 
the equilibrium concentration was 
obtained. A typical example of this 
fact is shown in Fig 2. This was true 
even when electrolytic iron which con- 
tained less than the equilibrium con- 
centration of sulphur was used. The 
high sulphur content of the first metal 
samples was probably due to the cal- 
cium sulphate present in the calcium 
sulphide charged into the crucible. 

The plot of per cent sulphur in the 
metal against the time sampled, shown 
in Fig 3, demonstrates that the sulphur 
equilibrium can be approached from 
the slag side. Calcium sulphide was 
the source of sulphur in this run. The 
temperature was maintained at 1425°C 
for 6 hr so as to allow the transfer of 
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FIG 2—Typical determination of equilibrium at 1500°C. 
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FIG 3—Equilibrium approached from slag and metal sides. 


sulphur from the metal to the slag 
until equilibrium was attained. The 
temperature then was increased to 
1550°C and held constant for 3 hr, in 
order to decrease further the sulphur 
concentration of the metal. Nitrogen 
gas was bubbled through the melt 
during this period to aid in the metal- 
to-slag transfer of sulphur. At the end 
of the 3 hr period, the temperature 
was lowered again to 1425°C and 
maintained for 6 more hours. The 
sulphur content returned to its former 
value corresponding to equilibrium at 
this temperature. 


SULPHUR CONTENT 
OF THE SLAGS 


‘The slags in most of the first 38 runs 
analyzed 1.5 pct sulphur. This per- 
centage of sulphur in the slag resulted 
in very low sulphur concentrations in 
the metal, especially with the more 
basic slags. Thus it was believed 
desirable to increase the sulphur con- 
centration in the slags in order to 
increase the sulphur content of the 


metal, and thereby improve the accu- 
racy of the sulphur determinations on 
the metal samples. Nine of the original 
runs were remelted and iron sulphide 
was added in quantities to give 
approximately 2.5 pet sulphur in the 
slags. Examination of the analytical 
results for these runs indicated that 
the sulphur concentration in the metal 
did not increase proportionally to the 
increase of sulphur in the slag. As a 
result, three runs were made with 
slags containing approximately 5 pct 
sulphur. Although the percentages of 
sulphur found in the metal samples for 
these runs were higher than would 
occur with similar slags containing 
1.5 pet sulphur, they were much lower 
than would be the case if the sulphur 
in the metal was proportional to the 
sulphur in the slag. 


IRON CONTENT OF THE SLAGS 


Iron is probably present in blast 
furnace slags as iron oxide, iron sul- 
phide and as metallic iron. Although 
it is known that the concentration of 
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Table 2... Iron Content of Slags 


° 
at 1500°C 
—— ee eee 
Run No. Pct FeO Run No. | Pct FeO 
H-19 0.027 H-44 0.034 
H-24 0.033 H-47 0.044 
H-31 0.046 H-48 0.030 
H-34 0.030 H-49 0.026 
H-37 0.026 H-51 0.039 
H-39 0.031 H-54 0.100 
H-40 0.029 H-55 0.065 
H-41 0.020 H-56 0.050 


iron is low in blast furnace slags, it was 
believed to be advantageous to deter- 
mine the quantity of combined iron 
present in the slags studied in the 
present investigation. The mixing of 
the slag and metal by the graphite 
stirring rod caused iron to be dispersed 
throughout the slag. As a result, even 
though the slag was allowed to stand 
for at least one minute before being 
sampled, tiny droplets of iron were 
present in the slag samples. This 
magnetic iron was separated roughly 
by means of a magnet. The concen- 
tration of iron remaining after this 
separation was found to be 0.2 to 0.5 
pet, reported as iron oxide (Table 3). 
In order to determine the degree to 
which the simple magnet had removed 
the metallic iron, several slag samples 
were passed over a Franz iso-dynamic 
separator. These slag samples included 
slags containing 1.5, 2.5, and 5.0 pct 
sulphur. The samples were passed over 
the separator until their iron contents 
became as nearly constant as could 
be detected by the colorimetric method 
used for chemical analysis. The results 
of these analyses are shown in Table 2 
where the iron is reported as iron 
oxide. These figures do not give a true 
value for iron oxide as they include 
any iron sulphide present in the slag, 
but they provide a good indication of 
the amounts of chemically combined 
iron in blast furnace slags at equi- 
librium with liquid iron saturated 
with carbon. The iron content did 
not appear to be related to the sulphur 
concentration in the slag. 


Results 


The results of chemical analyses of 
the slag and metal samples for the 
equilibrium runs are shown in Table 3. 
The only significant sources of error 
from chemical analysis occurred in the 
analytical results obtained for sulphur 
in the metal. Eight metal samples that 
had been analyzed for sulphur were re- 
labeled and submitted for analysis 
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Table 3. . . Chemical Analyses of Slag-metal Samples 


Iron Analysis, Pct Slag Analysis, Pct 
Run No. Temp Es 
XC} 
C Si Ss CaO SiO» MgO | Al:O FeO* s 
H-9 1425 4.67 | 0.53 | 0.013 42.70 | 35.14 MGS Wi SS, OA Re} 
H-14 1500 4.83 | 0.55 | 0.005 48.30 | 29.69 | 10.58 | 10.14 0.46 at 
H-15 1425 4.18 | 2.41 | 0.058 35.20 | 42.88 5.70 | 14.68 | 0.20 1.48 
H-16 1425 4.27 | 1.37 | 0.038 39.95 | 38.65 5.97 | 14.86 | 0.20 | 1.51 
H-17 1500 4.76 | 0.65 | 0.006 49.52 | 30.06 Sat 14e92 | 0.35) | 1.56 
H-18 1425 4.25 | 1.62 | 0.028 32.09 | 33.67 5.36 | 26.26 | 0.41 | 1.54 
H-19 1500 4.54 | 1.40 | 0.006 50.01 | 34.20 5.65 | 10.48 | 0.23 1.59 
a 1425 4.41 | 1.05 | 0.007 1.58 
- .78 | 0.91 | 0.009 | 35.04 | 29.70 | 14.84 ‘ ? 
ea 1425 | 4.62 | 0.74 | 0.011 OS ol le 1149 
- 0 4.53 | 1.41 | 0.009 48.60 | 33.42 0.08 | 16.82 | 0.28 : 
H-25 1500 4.86 | 0.79 | 0.006 34.90 31.10 | 18.65 | 13.54 | 0.25 1:50 
1425 4.65 | 0.45 | 0.007 1. Sk 
H-28 1500 4.48 | 1.76 | 0.013 45.58 | 32.10 1.47 | 19.98 | 0.22 | 1.45 
H-31 1500 4.12 | 3.23 | 0.017 35.79 | 30.48 6.68 | 25.98 | 0.27 | 1.53 
H-32 1500 4.28 | 2.53 | 0.012 40.00 | 34.24 8.34 | 17.28 | 0.19 | 1.62 
1425 4.29 | 1.83 | 0.013 39.79 | 34.44 8.45 | 17.14 | 0.30 | 1.61 
H-33 1500 4.51 | 2.28 | 0.0075 | 40.14 | 33.63 | 13.53 | 12.20 | 0.30 | 1.59 
H-34 1300 | 4.42 | 2.03 | 0-010 | 224 
-34 f 4 .0 0.010 48.60 42 
(124 remelted) 33 0.08 | 16.82 | 0.20 | 2.24 
-35 1500 4.71 | 1.23 | 0.007 38.03 35.45 | 18.19 (hav 
1425 | 4.71 | 0.69 | 0.010 et ten 1148 
H-36 1500 0.84 | 0.007 39.81 31.64 | 16.19 | 11.40 | 0.19 | 1.54 
H-37 1500 3.70 | 4.80 | 0.011 41.80 | 37.86 d,a3 | 14.30 ] 0.19 | 1.57% 
1425 SAG Ieaea9 | 0.015 1.56 
H-38 1500 4.33 | 2.18 | 0.011 35.40 | 28.96 9.80 | 25.70 | 0.20 | 1.56 
H-39 1500 o.99} 2.03: | 0,011 37.27 | 34.00 | 15.03 | 12.40 2.47 
(H-8 remelted) 
H-40 1500 orak 1 6104: ) 0.011 47.86 | 40.00 5.41 
(H-6 remelted) ey "ie 
-41 1500 3.82 | 4.14 | 0.014 37.20 | 31.54 | 10.70 | 18.84 
(H-13 remelted) 278 alete ae 
H-42 1425 4.24 | 2.46 | 0.019 35.79 | 30.48 6.68 | 25.98 1,61 
H-44 1500 4.47 | 1.85 | 0.006 49.66 | 33.80 5.94 | 10.92 2525 
(H-19 remelted) 
-4 1500 4.68 | 1.24 | 0.009 34.90 | 31.10 | 18.65 | 13.54 pAb 15) 
(H-25 remelted) 
-46 1500 4.44 | 2.08 | 0.009 40.14 | 33.63 | 13.53 | 12.20 | 0:30 | 2.34 
(H-33 remelted) 
-AT 1500 4.04 | 3.37 |} 0.010 46.25 | 30.84 a PA ea 4) Yen i) 2.18 
(H-28 remelted) a 
-48 1500 4.76 | 1.19 | 0.006 39.46 | 31.18 | 16.55 | 12.00 2.48 
(H-36 remelted) 
H-49 1500 3.52 | 5.28 | 0.016 31.00 | 32.20 9.35 | 25.92 | 0.30 | 1.54 
H-51 1500 4.45 | 1.93 | 0.007 51.70 | 36.08 1.45 | 10.32 | 0.30 |} 1.61 
H-54 1500 3.01 7.25 | 0.024 35.40 | 35.50 9.49 | 16.40 4.66 
H-55 1500 3.63 | 5.04 | 0.017 38.41 | 33.36 9.44 | 15.66 4.59 
H-56 1500 3.99 | 3.80 | 0.012 46.80 | 35.56 7.50 U2; 4.83 
H-57 1425 4.29 | 1.69 | 0.009 42.50 | 34.86 7.51 | 12.96 1.35 


*FeO after incomplete magnetic separation. Compare Table 2 showing results after repeated mag- 


netic treatment. 


again. The two sets of results differed 
in all but one case, by not more than 
0.001 pct sulphur. (Table 4.) However, 


the desulphurization ratio, a weight 
per cent of sulphur in the slag divided 
by weight per cent of sulphur in the 
metal, can be considerably affected by 
even this small change in the sulphur 
content of the metal. A comparison of 
run H-19 with H-44 illustrates this 
point. Run H-44 was a remelt of run 
H-19 to which more sulphur as iron 
sulphide had been added. 


lst Analysis | 2nd Analysis 
(S) 
(S) (S) 
iS) a iS) Peart 
[S] (Ss) [S] (SI 
H M 19d 1.59 | 0.006 | 265 | 0.005 | 318 
H M 44c¢ 2.25 | 0.006 | 375 | 0.007 | 322 


These figures demonstrate the dif- 
ficulties involved not only in correlat- 
ing the desulphurization ratio with slag 
composition, with the more basic slags, 
at a constant sulphur concentration in 
the slag, but also in determining 
whether or not the sulphur in the 
metal is directly related to the sulphur 
in the slag. 


Table 4... Rechecked Sulphur De- 


terminations on Metal Samples 


Pct Sulphur 
Run No. 
1st Analysis 2nd Analysis 
H-19 0.006 0.005 
H-24 0.009 0.009 
H-34 0.010 0.012 
H-39 0.011 0.012 
H-40 0.011 0.012 
H-41 0.014 0.013 
H-44 0.006 0.007 
H-46 0.009 0.009 
EFFECT OF SLAG COMPOSITION 


ON DESULPHURIZATION 


Since the majority of the runs were 
made at 1500°C with slags containing 
1.5 pet sulphur, it was believed that a 
relationship between desulphurization 
and slag composition could best be 
established from the data collected in 
these runs. Desulphurization of pig iron 
is known to depend on the basicity of 
the slag; thus there was the possibility 


s 
that the desulphurization ratio, ) 
might be simply related to an index of 
basicity. 
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All slag analyses were converted to 
mols per 100 g of slag. In the chemical 
analysis of the slags all the calcium 
present was reported as lime. Any cal- 
cium present in the form of calcium 
sulphide was included in the total 
molar concentration of lime and was, 
therefore, considered to act as a base. 

Plots were made of the desulphuriza- 
tion ratio versus the molar ratios 


CaO CaO CaO + MgO 
SOs Sty ALO; oo SOG 
CaO + MgO 

SiOw STATOR eee 


and 


tively. Of these 


© venous C20 + Mz0 
plots the one o iS] versus ATO, + SiO: 


(Fig 4) gave by far the best correlation 
in relating the desulphurization ratio to 
basicity. In this plot it was noted that 
all but one of the points below the 
line represent slags containing more 
than 6 pct magnesia, while all but one 
of the points above the line represent 
slags containing less than 6 pct mag- 
nesia. This fact indicated that magnesia 
is not as effective a desulphurizing 
agent as lime. The substitution of 
various factors for K in the basicity 
ratio te J Arie showed that the 
factor of 24 resulted in the closest 
correlation of the points representing 
slags with high and low magnesia 
concentrations. (Fig 5) 


It can be said that the relating = 


to a basicity ratio, a good correlation 
of the data might be obtained by the 
use of factors for any or all of the four 
constituents lime, magnesia, silica, 
and alumina. Thus it was believed 
that a more quantitative relationship 
might be developed if the desulphuriza- 
tion ratio could be expressed as some 
function of excess base, in a manner 
analogous to that employed by Grant 
and Chipman‘ in their study of sulphur 
equilibrium between liquid iron and 
basic open hearth slags. Since blast 
furnace slags are considered to consist 
mainly of bisilicates, it was first as- 
sumed that 1 mol of acid neutralized 
1 mol of base, that 1 mol of magnesia 
was equivalent to 1 mol of lime, and 
that 1 mol of alumina was as effective 
as 1 mol of silica. Excess base thus 
became equal to BASES (CaO + MgO) 
—ACIDS (SiO, + Al.03). A graph 
of the desulphurization ratio versus 
this expression for excess base (Fig 6) 
produced a scattering of the points 
comparable to that obtained when the 


i CaO + MgO 
ratio Fo, 4 ALLO, WS employed as 
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FIG 4—Effect of on desulphurization at 1500°C. 


SiO, + Al.O; 
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MOLAR RATIO 


FIG 5—Effect of basicity on desulphurization at 1500°C. 


EXCESS BASE wn mots eer 1006 oF stac 


(CAO+MGO) — (AL203+ $102) 


FIG 6—Effect of (CaO + MgO) — (SiO, + AlzO3) on desul- 
phurization at 1500°C. 
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FIG 7—Effect of excess base on desulphurization at 1500°C. 
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MOLAR RATIO 


FIG 8—Relationship between basicity and desulphurization at 1500°C 
for 1.5 to 5 pct sulphur slags. 
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- FIG 9—Effect of temperature on desulphurization. 
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the abscissa (Fig 4). 

In order to improve the correlation 
between the desulphurization ratio and 
excess base, it was assumed that 1 mol 
of magnesia was equivalent to only 
24 of a mol of lime, that is, 144 mols 
of magnesia were equal to 1 mol of 
base, and the other assumptions were 
considered to remain the same as 
before. Excess base was then defined as 
being equal to (CaO + 34Mg0) — 
(SiO. + Al,O3). The variation of the 
sulphur distribution ratio with this 
expression for excess base is shown in 
Fig 7. Considering the accuracy of the 
data this graph represents a very good 
correlation. 

It was expected that the relation- 
ships developed for the 1.5 pct sulphur 
slags would correlate the data for all 
the slags at 1500°C irrespective of 
their sulphur content. However, in the 

(S) CaO + % MgO 
plot of Is] Ye'S¥S “Sid, + ALO; for 
slags containing 1.5, 2.5, and 5.0 pct 
sulphur three curves were obtained 
as shown in Fig 8. This was also true 


for the plot of = versus excess base, 


Fig 7. These curves indicate that an 
increase in the sulphur concentra- 
tion of the slag does not result ina 
proportional increase in the sulphur 
content of the metal, within the range 
of slag compositions studied. This 
phenomenon cannot be readily ex- 
plained with the present data. 


EFFECT OF TEMPERATURE ON - 
DESULPHURIZATION 


Fig 9 shows the effect on the desul- 
phurization ratio of decreasing the 
temperature from 1500 to 1425°C. 
Because magnesia was shown to be 
two-thirds the equivalent of lime on 
a molar basis, it is approximately 
equivalent to lime on a weight per cent 
basis. Thus from the two curves in 
Fig 9 it was possible to plot on a 
ternary diagram iso-sulphur lines at 
1500°C and 1425°C, the coordinates 
being weight per cent MgO + CaO, 
SiO., and Al,O3, as shown in Fig 10. 
This diagram summarizes the effect 
of slag composition and temperature 
on the equilibrium sulphur concen- 
trations in liquid pig iron. Although 
the sulphur concentrations plotted in 
Fig 10 were obtained for slags con- 
taining 1.5 pct sulphur, on the basis 
of the observations made with slags 
of higher sulphur content, these con- 
centrations can be regarded as apply- 
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I500°C 


1425°C 


% CAO + % McO 


FIG 10—Metal iso-sulphur lines for 1.5 pct sulphur slags at 1500°C and 1425°C. (Slag 


ing to slags analyzing 1.25-2.00 pct 
sulphur. 


Discussion of Results 


Although the basicity ratio 
CaO + 24MgO 
SiO. + Al.O; 
correlated the data for the 1.5 pct 
slags, the expression developed for 
excess base, (CaO + 24MgO) — (SiO 
+ Al.O;) in mols per 100 g of slag, 
is considered to offer a better means 
of interpreting the results, as it pro- 
vides a more direct measure of the 
effective concentrations of the basic 
constituents present in the slags. Some 
of the acid slags contained excess acid 
according to this expression, but this 
does not necessarily mean that there 
is “‘free’’ acid present, but rather that 
alumina, because of its amphoteric 
nature probably acts partly as a base 
and only partly as an acid. The tend- 
ency of alumina to behave as a base 
is well demonstrated in Fig 7 by the 
marked decrease in the slope of the 
curve in the region representing the 
more acid slags. With alumina con- 
sidered as acting partly as a base, a 
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composition in weight per cent.) 


recalculated value for excess base 
would increase the slope of the curve 
in this region. From these observations 
it can be concluded that alumina acts 
like silica, on a molar basis, in reducing 
the desulphurizing power of a basic 
slag; in the more acid slags it is less 
harmful than silica. 

It was observed that three of the 
very basic slags (47 to 50 pct lime) 
disintegrated into a fine powder on 
solidification. This behavior is a well 
known characteristic of calcium ortho- 
silicate. Thus it appears that these 
basic slags contain appreciable quan- 
tities of calcium orthosilicate, and 
therefore, that more than 1 mol of lime 
has been used to neutralize 1 mol of 
silica. If this is true, the basic slags 
contain smaller quantities of excess 
base than described by the expression 
(CaO + 24MgO) — (SiO, + Al,03). 

Thus with alumina acting partly as 
a base in the more acid slags and with 
the basic slags containing appreciable 
quantities of calcium orthosilicate a 
true graph of the desulphurization 
ratio versus excess base would have a 
much steeper slope than occurs with 
the present expression for excess base. 

If sulphur is present in blast furnace 


slags mainly in the form of calcium 
sulphide, then desulphurization can 
be described by the following reaction: 
FeS + C(gr) + (Ca0,) 
= (CaS) + Fe(l) + COG) [1] 
Ke cas - AFe * Pco 
Gres - Ac - ACao; 
(CaO;) represents the free or uncom- 
bined lime in the slag. An approximate 
value for the equilibrium constant K, 
at 1500°F can be calculated from the 
reactions: 
FeS = (FeS), AF° = 11,800 
+ 3.25T [2] 
(FeS) + (CaO,;) = (FeO) + (CaS). 
AF®° = 16,520 — 10.98T [3] 
FeOQ(1) + C(gr) = Fe(l) + CO), 
AF° = 33,860 — 34.75T [4] 


Eq 2 was derived from the work of 
Bardenheuer and Geller? on the dis- 
tribution of sulphur between liquid 
iron and iron oxide slag. The expression 
for the standard free energy of reaction 
[3] as a function of temperature was 
developed from the calculations made 
by Darken and Larsen!® on Barden- 
heuer and Geller’s data for sulphur 
equilibria between lime-iron oxide slags 
and liquid iron. Eq 4 was obtained 
from Chipman’s! tabulations of the 
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free energy of formation of liquid iron 
oxide and carbon monoxide at steel- 
making temperatures. 

Addition of Eq 2, 3, and 4 results in 
FeS + (CaO,;) + C@gr) 

= Fe(l) + (CaS) + CO(g), aF° 

= 38,580 — 42.48T [5] 
therefore, 

K, = 3.39 X 104 at 1500°C 
Since the reaction is endothermic, the 
equilibrium transfer of sulphur to 
the slag increases with an increase 
in temperature, as observed in the 
experiments. 

Under the conditions set up for the 
experimental work the activity of both 
the carbon dissolved in the iron and 
the carbon monoxide gas was equal to 
unity, the standard states for these 
two substances being graphite and 
1 atm pressure, respectively. The 
activity of liquid iron was also constant 
at approximately 0.55 at 1500°C, as 
determined from Chipman’s!* thermo- 
dynamic calculations on the iron- 
silicon-carbon system. Assuming that 
activity is proportional to mol fraction 
for calcium sulphide, iron sulphide 
and lime, as was done in the deter- 
mination of the constant AK, and 
where Ns and Nm are the number of 
mols-per 100 g of slag and metal, 
respectively, Eq 1 is transformed to 
K, = 3.39 X 104 = 0.55 

(mols CaS) X Ns X Nm 
Ns X mols [FeS] * (mols CaO,;) 
Se ee (% S) X Nm 
099 X Ty, ST X (CaO) 
but since Nm is essentially constant 
and equal to 2.1, then at 1500°C 
AA Dake A 
2.94 X 10 as ma (Cad) [6] 
According to Eq 6 the desulphuriza- 


tion ratio Su is proportional to the 


[S] 
number of mols of free lime per 100 g 


of slag. This is in agreement with 


(S) 


what was observed when SI was 


plotted against mols of excess base 
for a given sulphur concentration in 
the slags. However, the slope of the 
= versus excess base for the 
1.5 pet sulphur slags at 1500°C was 


only equal to 560, compared with 


2.9 < 104 for the slope of the curve = 


curve 


versus free lime, as given by Eq 6. 
Thus the large value calculated for 
K, provides further evidence that the 
expression (CaO + %Mg0O) — (Al.0; 
+ SiO.) does not give a true value for 
the excess base, the actual excess being 
somewhat smaller. 
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Previously, in discussing the relation- 
ship between desulphurization and slag 
composition, it has been assumed that 
molten slags are composed of molecu- 
lar compounds and their constituent 
oxides. However, the expression of slag 
composition in terms of excess base 
can be used equally well whether slags 
are composed of ions or of molecules. 
In the ionization theory the basic 
oxides produce oxygen ions which are 
absorbed by silica and alumina to form 
complex ions of the form (Si,07)-°, 
(SiO.)-4, (Al,O;)~4. As the basic oxides 
replace the acid oxides the oxygen ion 
concentration increases. 

The conclusions previously reached 
regarding the amphoteric properties 
of alumina in blast furnace slags can 
be stated in terms of the ionization 
theory by the following series of steps 
representing the transition from acidic 
to basic solutions, each step requiring 
the addition of oxide ions: 


2Al8+ — 2A10+ — Al,03 > 2A10.-— 
— Al.O;47- a 2A1033— 


The presence of calcium orthosilicate 
in the basic slags is shown by the 
formation of the stable orthosilicate 
ion SiO.4- from the metasilicate ion 
in a similar series. 


28102 — 28i03—- — Si.07*- — 28i0,4— 


The concept of ionization also ex- 
plains the fact that 1 mol of magnesia 
was not found to be equivalent to 1 
mol of lime. The binding forces 
between magnesium and oxygen ions 
are greater than those between calcium 
and oxygen ions.?? Hence the substi- 
tution of 1 mol of magnesia for 1 mol 
of lime in a slag would result in a 
decrease in the oxygen ion concentra- 
tion of the slag. This means that 
magnesia is not as active a base as 
lime, and therefore, not equivalent to 
Jime on a molar basis. 

Thus, either the molecular or the 
ionic theories can be employed in 
explaining the behavior of the various 
slag constituents. However, blast fur- 
nace slags involve such complicated 
chemical systems that fundamental 
knowledge is as yet inadequate for the 
quantitative determination of their 
properties in the molten state, and 
therefore it is impossible at present to 
determine the true value for excess 
base. This does not mean that the ex- 
pression (CaO + %MgO) — (Si02 + 
Al,03) has no real significance. The 
equilibrium desulphurization ratios for 
slags containing about 1.5 pct sulphur 
have been well correlated with this 
expression for excess base. The result 


is shown in the ternary diagram (Fig 
10), which allows the equilibrium 
values of sulphur in the metal to be 
determined for blast furnace slags at 
1500°C and 1425°C. 

Since none of the slags studied con- 
tained any manganese oxide, it would 
be of considerable interest to study 
under equilibrium conditions the effect 
on desulphurization of manganese 
oxide in the slag. Also, in order to 
better understand the constitution of 
molten slags, activity measurements 
should be made of simple binary slag 
systems. These studies can be made 
by means of either reversible electro- 
motive force measurements, as de- 
scribed by Chang and Derge”? or by 
slag-metal equilibrium investigations. 


PRACTICAL CONSIDERATIONS 


The present investigation has shown 
that the equilibrium sulphur concen- 
trations in the metal are considerably 
lower than those found in practice. 
Hence, the problem of attaining better 
desulphurization with blast furnace 
slags is controlled by the kinetics and 
not by the thermodynamics of the 
metal-to-slag transfer of sulphur. It 
is important that investigations be 
carried out to determine the mechan- 
ism by which desulphurization takes 
place, in the manner initiated by 
Chang and Goldman.?* Of more imme- 
diate significance to blast furnace 
operators would be a study of the 
desulphurization attained by various 
methods of mixing slag and metal. It 
should not be concluded that such an 
investigation is not warranted because 
the time required to reach equilibrium 
was so great in the present study. A 
simple process of pouring the metal 
through the slag might well show that 


‘considerable quantities of sulphur can 


be removed by taking advantage of 
the inherently strong desulphurizing 
powers of commercial slags without re- 
sorting to other desulphurizing agents. 


Summary 


From the 57 runs made in the experi- 
mental furnace covering a range of 
slag compositions, consisting of 30 to 
50 pct lime, 29 to 40 pct silica, 1 to 
19 pet magnesia and 6 to 27 pct 
alumina at 1500°C and 1425°C, the fol- 
lowing conclusions have been reached: 

1. The sulphur concentrations in pig 
iron at equilibrium with blast furnace 
slags are considerably lower than those 
found in practice. 
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2. The desulphurization ratio, oe 
for slags containing approximately 
1.5 pet sulphur is controlled by 
excess base, where excess base is equal 
to (CaO + 34MgO) — (SiO. + Al,03) 
in mols per 100 g of slag. 

3. The effect of lowering the tem- 
perature from 1500°C to 1425°C is 
* to increase the equilibrium sulphur 
concentration in the metal. This in- 
crease amounted to 0.001 to 0.004 pet 
in metal containing 0.005 to 0.020 pct 
sulphur. 

4. Magnesia is only two-thirds the 
equivalent of lime as a desulphurizing 
agent on a molar basis, or approxi- 
mately equal on a weight basis. 

5. Alumina acts like silica in reduc- 
ing the desulphurizing power of a 
basic slag; in the more acid slags it is 
less harmful than silica. 

6. The sulphur concentration in the 
metal is not directly proportional to 
the sulphur in the slag. 
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The Beryllium-iron System 
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Introduction 
Table 1. . . Analyses of Raw Materials 
THERE is considerable interest in Beryllium Tron 
beryllium because of its low density 
~ Element Chemi i 
(1.84 g per cu cm), high modulus of Spice Analysts ene poo ecprapme Vacuum Fusion 
ee 4 - x nalysis nalysi Analysi 
elasticity (40 < 10® psi), high melting eee ALB Wt Pct Wt Pet. Wt Pet 
7 ° : - Ect 
point (1280°C), and special nuclear 
characteristics. Moreover, it has fair  Siticon..................... 0.034 0.011 0.010 
: : eae. Alominum:...; = 2... 0.12 0.040 ig 
resistance to corrosion and oxidation. Molybdenum.) Sea es 
However, the purest beryllium known Spee CO Se a i en LY 0.016 Mt eaae 
to the authors is relatively brittle at Magnesium................. 0.005 0.002 
: TREE EG EP, Lae SY apes 0.0001 
room temperature, and cannot be fabri- a Sh andes arekic sav SeaS Trace 
2 2 PORTO TTR Orica eS ol renee 
cated readily. The search for improved Vanadium. ..--- 0 aie 
properties leads naturally to investiga- Manganese... Trace 
tions of beryllium alloys and the phase Columbia ee Not found 
© ° * Westen er. ee eG 2 Not found 
relationships upon which they are Cirbosreent be |. 6.08 0.02 0.006 
Raced Nitrogente 8 SD 0.015 0.010 | 0.0007 0.0005 
: : Ver ee ers a: 0. 0267-0. 0359 
The present paper is concerned with Hydrogen............ ea 0.00005 
é i z Beryllium Assay............. 99.4 
the alloys of beryllium and iron, pri- 
marily from the standpoint of the 
equilibrium diagram. Iron was selected FeBes, and indicated evidence for compound composition FeBe;, and 


(1) because of its all-round importance 
in metallurgy, and (2) because the 
beryllium-iron system is known to be 
quite complex. 

The most recent diagram in the 
literature is that of Gaev and Sokolov,! 
and covers only the iron-rich end up 
to 16 wt pct beryllium. Beryllium 
markedly restricts the austenitic field, 
closing the gamma loop at about 0.4 
wt pct (3 at. pct). On the other hand, 
beryllium is soluble in a-ferrite up to a 
maximum of 7.5 wt pct (34 at. pct) 
at the eutectic temperature of 1160°C. 
The eutectic composition lies at 10 wt 
pet beryllium (42 at. pet) and corre- 
sponds to a mixture of a and FeBe: 
(called 8 in the present paper). The 
solid solubility of beryllium in the a 
phase decreases with decreasing tem- 
perature, and makes precipitation- 
hardening possible. These findings 
substantiate the earlier work of Oester- 
held,? Wever and Mueller? and Laissus.* 

In addition to the FeBe, (6) men- 
tioned above, Misch® has reported on 
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another compound containing still 
more beryllium. 

A preliminary diagram by Gordon,® 
not hitherto published, is given in 
Fig 1. Besides the phases previously 
named, there are shown a solid solution 
of extended range (e), a compound of 
limited solubility (¢), and a high tem- 
perature phase (7). Beryllium is desig- 
nated as 6. The e field contains the 


Cleveland Meeting, October, 1949. 

TP 2550 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 15, 1949. 
Manuscript received November 1, 
1948. 

* This paper is based on a thesis 
submitted by R. J. Teitel at the Mas- 
sachusetts Institute of Technology in 
partial fulfillment of the requirements 
for the degree of Doctor of Science in 
Metallurgy, June 1948. 

+ Associate Metallurgist, Brook- 
haven National Laboratories, Upton, 
N.Y. 

+ Department of ‘Metallurgy, Mas- 
sachusetts Institute of Technology, 
Cambridge, Mass. 

References are at the end of the 


paper. 


the ¢ phase undoubtedly corresponds 
to the beryllium-rich compound found 
by Misch.* The region around the ¢ 
phase was proposed by R. J. Teitel 
based on Gordon’s data. The details 
of the diagram are self-explanatory. 
It was the unusual complexity of this 
system that prompted the authors to 
undertake the present studies. By the 
same token, more emphasis was placed 
on the beryllium-rich than the iron- 
rich end of the diagram. 


Experimental Details 


RAW MATERIALS 


The beryllium employed in this 
investigation was one of the purest 
grades available. Its chemical analy- 
sis after vacuum melting is given in 
Table 1. The metal assayed 99.4 wt pct 
beryllium. 

Vacuum melted electrolytic iron of 
purity shown in Table 1 was the source 
of iron. 
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FIG 1—Beryllium-iron system developed by Gordon,® based on 


APPARATUS AND PROCEDURE 


The alloys were prepared in a 
vacuum induction furnace, using be- 
ryllia crucibles. The resulting ingots 
were approximately 2 in. high & 114 in. 
diam, and weighed 60-150 g depending 
on composition. The ingots were ana- 
lyzed top and bottom, and accepted 
only if the determinations checked 
within +0.1 wt pct. 

Thermal analysis and _ solution- 
quenching experiments were performed 
in the vacuum furnace shown in Fig 2. 
It consisted of a molybdenum-wound 
alundum core, mounted in a water- 
jacketed steel shell with electrical and 
vacuum fittings introduced through the 
sides, thus leaving the top and bottom 
completely accessible for various in- 
terior designs. 

The interior arrangement for the 
thermal analysis runs is shown in 
Fig 3. The thermocouple was located 
with respect to the melt by means 
of a re-entrant tube integral with the 
bottom of the beryllia crucible. The 
rate of temperature rise or fall was 
controlled by varying the furnace volt- 


286 . . . Metals Transactions 


15 
ATOMIC % Fe 


20 


leading up to the present investigation. 


age through an induction regulator 
driven by a telechron motor. The rates 
were usually adjusted to 1-2°C per 
min. Temperatures were recorded auto- 
matically for the survey runs, and 
measured with a K-2 precision potenti- 
ometer for the critical determinations. 
Calibrated platinum-platinum rhodium 
thermocouples were used for all the 
critical determinations. It is believed 
that the accuracy of measurement was 
within +10°C above 1350°C, and 
+5°C below. 

In the solution-quenching experi- 
ments, the temperatures were probably 
accurate to +2°C. Fig 4 illustrates 
how this operation was carried out in 
the vacuum furnace of Fig 2. Small 
pieces of the alloys to be treated were 
placed in thin-walled iron capsules for 
identification and guidance through the 
furnace. When the solution tempera- 
ture was believed to approach or ex- 
ceed the solidus, the iron capsules were 
lined with beryllia to avoid sticking 
or iron contamination. The beryllia 
linings were also employed when 
powder specimens were treated for 
X ray measurements. After the furnace 


preliminary studies 


had been evacuated and stabilized at 
the predetermined temperature, the 
capsules were pushed into the furnace, 
one by one, via the charging tube 
shown at the top right of Fig 4. Each 
specimen was detained in the heating 
chamber for the desired time by a 
molybdenum vane operated from the 
outside, and then allowed to drop into 
an externally-cooled silicone oil bath. 
After all the capsules in the charging 
tube had been solution-treated and 
quenched, the bath was disassembled 
from below, and the samples recovered. 
Further details on the design and oper- 
ation of the above equipment are being 
published elsewhere. 

The metallographic techniques used 
were fairly standard, except for the 
alloys in the range of 8 to 45 at. pct 
iron (36 to 84 wt pct). The latter were 
extremely brittle, and were polished 
on a Graton semiautomatic unit.* No 
suitable etchant was found for these 
compositions. However, they could be 
examined successfully with polarized 


* This polishing was done by Mr. Charles 
Fletcher at Harvard University. 
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FIG 2—Vacuum furnace used for thermal analysis and solution-quenching experiments. (See Fig 3 and 4.) 
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light. Alloys containing 0 to 8 at. pct 
iron were etched with 1 pet HF, while 
those containing 45-100 at. pct iron 
were etched with 1 pct nital. 

The structures of the phases were 
studied by standard X ray diffraction 
procedures using Debye-Scherrer and 
Phragmen cameras with CoK, radi- 
ation. Most of the solid solubility 
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discussed, starting with beryllium and 
proceeding in the direction of iron. 
Following this, the thermal, X ray and 
metallographic data leading up to the 
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sections: (1) 0-8 at. pet iron and 
(2) 8-100 at. pet iron. All compositions 


are henceforth expressed as atomic per- THERMOCOUPLE WIRE 
cent iron, until at the very end, the FIG 3—Interior arrangement of vacuum furnace for thermal analysis. (See Fig 2.) 
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FIG 4—Interior arrangement of vacuum furnace for solution-quenching experiments. (See Fig 2.) 


proposed diagram is redrawn with iron 
at the left and compositions expressed 
as weight percent beryllium to comply 
with the convention adopted by the 
1948 Metals Handbook. With this 
arrangement, the phase designations 
fall into proper sequence. 


14,700 
6 PHASE (Be) 

w 

a 14,500 +] Thermal analysis of the vacuum- 
8 f melted beryllium stock revealed a 
= ea SURER COOLED double arrest near the melting point, 
Bae 1276 °G \a7s° both on cooling and heating (Fig 5). 
E = = Other sources of beryllium, having 
e GIOD SUPER COOLED el different amounts of impurities, also 
2 —— | _|186 displayed these two heat effects. The 
g ae upper arrest varied from sample to 
® 13,900 - (HEATING CURVE sample, but the lower one remained 
2 | | COOLING CURVE quite constant, except when iron was 
w nae ‘| l; a if present in excess of 0.1 at. pct. Fur- 
poe thermore, the ratio of the heat liberated 
fb (or absorbed) at the two arrests varied 
Gi 13,500 : OO BOO Oa from sample to sample. Both Sloman’ 


INVERSE RATE (SEC./1O MIGROVOLT) 


FIG 5—Inverse-rate thermal curves for vacuum melted beryl- 
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lium stock. 


4 


and Losano® have likewise observed a 
double break in the thermal curves for 
beryllium. Losano® reported that the 
upper arrest is raised to 1284°C with 
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Table 2. . . Summary of Phase Structures* 


Number 


Phase Formula Lattice of A 
toms 
Symbol Per Cell 
t] Be EGP 2 
c FeBeu Hex. 18 
€ FeBe; F.C.C. 24 
8 FeBe2 H.C.P. 12 
a Fe BiG.e 2 
* Typical X 


increasing purity and the lower arrest 
completely disappears at extremely 
high purity (99.962 wt pct beryllium). 
Sloman’ also attributed the double ar- 
rest to impurities, oxygen in particular. 

The same conclusion was reached in 
this work, but the possibility of an allo- 
tropic transformation occurring near 
the melting point was also considered. 
This alternative was finally judged 
to be improbable on the following 
grounds: 

1. The heat involved in the lower 
arrest was too large relative to that of 
the upper arrest for these phenomena 
to be regarded as allotropic and melt- 
ing transformations respectively. 

2. Careful study of the temperature- 
time cooling curves (rather than the 
inverse-rate curves in Fig 5) indicated 
that the upper transformation actually 
took place over a temperature range, 
while the lower break constituted an 
isothermal hold. This suggested a bi- 
nary liquidus and eutectic reaction, and 
not complete freezing followed by a 
solid-solid transformation. 

3. In addition, when the resulting 
beryllium-iron diagram was drawn to 
include the hypothetical allotropic 
change, it called for completely solid 
phases in alloys of 0.5 and 1.5 at. pct 
iron at temperatures of 1190 to 1225°C 
(refer to Fig 10). However, when these 
alloys were quenched from this region, 
they displayed definite evidence of 
melting. 

If the double arrest is caused by an 
impurity, other than iron, the beryl- 
lium-iron alloys under investigation 
should be considered as ternary rather 
than binary compositions. It was estab- 
lished that iron was not the active 
impurity because beryllium samples 
with as little 0.001 at. pct iron showed 
a marked double heat effect, very simi- 
lar to that exhibited by the stock 
beryllium containing 0.016 at. pct iron. 
Moreover, all of the experimental find- 
ings on the beryllium-iron alloys were 
consistent with concept that (1) they 
belonged on a section through a ternary 
system, and (2) that the “‘pure”’ beryl- 
lium behaved as if the presence of an 
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Lattice Dimensions (A.U.) 5 
Density 
G Per cc 

a c c/a feale) 
2.281 3.577 1.568 1,845 
4.13 10.71 2.59 2.43 
5.884 SIP, 
4,212 6.853 1.626 4.629 
2.861 7.870 


ray diffraction patterns are shown in Fig 12 and 20. 


impurity caused primary beryllium to 
crystallize over a range of tempera- 
tures down to a binary eutectic tem- 
perature where the rest of the beryllium 
and the impurity-constituent crystal- 
lized simultaneously and isothermally. 

This is in line with the observations 
of Sloman’ who ascribed the eutectic 
to Be + BeO. However, in the present 
work, no eutectic configuration could 
be seen in the microstructure of the 
beryllium; nor could the BeO phase 
be identified as such, although there 
were many inclusions visible (Fig 6). 
Inasmuch as oxygen analyses were not 
available for correlation purposes, it 
appeared preferable to designate the 
impurity-constituent as X. These re- 
lationships will be discussed more fully 
in the section dealing with 0-8 at. pct 
iron. 

The solid solubility of iron in beryl- 
liumswas found to be quite limited 
(less than 0.4 at. pet iron) and no 


change in lattice parameter could be 
detected. The lattice constants of be- 
ryllium are listed in Table 2, along 
with data for the other solid phases 
to be discussed. 


¢ PHASE (FeBe1:) 


Misch found diffraction lines from 
a complex beryllium-rich phase judged 
to be FeBes. In the current investiga- 
tion, a compound was located between 
7.8 and 8.2 at. pet iron, which corre- 
sponds to the formula FeBe,, (or possi- 
bly FeBe;.), rather than FeBeg. All the 
diffraction lines from this phase can be 
indexed on the basis of a hexagonal cell 
of dimensions shown in Table 2. Ac- 
cording to the measured density (2.50 
g per cc), the number of atoms per 
unit cell is 18. This is a peculiar result 
because it implies that there are 114 
formula weights per unit cell. Until a 
complete solution of the structure by 
single-crystal analysis is available, the 
present findings cannot be rationalized. 

The range of solubility in the ¢ phase 
is too limited to show a variation of 
lattice parameter with composition. It 
transforms on heating via a congruent 
reaction at 1075°C into the e phase. 
It is extremely difficult to polish” be- 
cause of brittleness, but when this is 
properly done, it can be easily identi- 
fied in the microstructure under polar- 


FIG 6—Inclusions in beryllium stock. Larger particles 
are beryllium carbide; smaller ones are probably a 
silicon-rich phase. Unetched. Mag. 500 X. 
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FIG 8—Basal plane parameter of H.C.P. 6 
phase as a function of iron content. c/a ratio 


does not change measurably over this range. 
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FIG 9—Lattice parameter of B.C.C. iron as a 
function of beryllium content. 
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FIG 10—Results of thermal analyses on cooling of 0-8 at. pct iron alloys. Phase fields are 
drawn to be consistent with X ray results of Fig. 11. 


ized light by the feathery appearance 
illustrated in Fig 21. 


e PHASE ‘(FeBe;) 


Misch® determined the structure of 
this phase to be face-centered cubic 
and assigned the formula FeBes. This 
was confirmed in the present work 
(Table 2) except that the phase was 
found to enjoy a wide range of homo- 
geneity at elevated temperatures (7 to 
18 at. pct iron). At lower temperatures, 
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however, the range becomes narrow 
(15-17 at. pet iron), but still includes 
the composition FeBes; (16.7 at. pct 
iron). The variation of lattice param- 
eter with composition, obtained by 
solution quenching, is given in Fig 7. 

Because of its cubic symmetry, 
e does not exhibit extinction effects 
upon rotation under polarized light 
(Fig 21) and is thereby readily dis- 
tinguished from ¢ on the one hand and 
8 on the other, both of which are opti- 
cally anisotropic. 


8 PHASE (FeBe:) 


This compound was first observed 
by Oesterheld.? Later, Misch® reported 
the structure to be hexagonal close- 
packed of the MgZn, type, and this 
was substantiated here (Table 2). 

The 6 phase was found to extend 
from 21 to 37.5 at. pct iron, and Fig 8 
shows the variation of the basal param- 
eter with iron content. The c/a ratio 
does not change measurably over this 
range of composition. 
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FIG 11—Summary of X ray results on solution-quenched alloys containing 0-8 at. pct iron. 
Phase fields are drawn to be consistent with thermal data of Fig. 10. 
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FIG 12—X ray diffraction patterns of alloys containing 0-8 at. pct iron, quenched from above and below 1010°C. 
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FIG 13 (Above)—1.0 at. pct Fe, as solidified. Large pri- 
mary grains of @ with e« at grain boundaries (degenerate 
eutectic). Precipitate within the primary grains is also «. Etched 
with HF. Mag. 100 xX. 

FIG 14 (Below)—2.3 at. pct Fe, as solidified. Primary grains 
of 6 surrounded by eutectic. Etched with HF. Mag. 100 x. 


8 melts congruently at approxi- 
mately 1480°C, corresponding to the 
composition 33 at. pct iron or FeBe>. 

Metallographically, is easily identi- 
fied because of its polarizing effects. 
On the beryllium-rich side of the above 


range, the grains of 6 are uniformly : 
clear (Fig 22), but at the iron-rich 
side, a fine lacy structure appears FIG 15 (Above)—4.1 at. pct Fe, as solidified. Mixture of 
within the grains (Fig 23). coarse and fine “‘eutectics."’ Etched with HF. Mag. 100 x. 
FIG 16 (Center)—5.2 at. pct Fe, as solidified. Primary 
a PHASE (Fe) ; grains of « with coarse and fine ‘‘eutectics.’”’ Etched with HF. 
: ; 2 ’ Mag. 100 x. 

Beryllium = appreciably soluble > we FIG 17 (Below)—1.7 at. pct Fe, as solidified. Primary grains 
ferrite, and its effect on the lattice of 6 separated by ternary eutectic. Precipitate of « in @ grains. 
parameter of body-centered cubic iron Matrix of eutectic is «, one region of which has undergone 
is given in Fig 9. The present results eutectoid decomposition to 6 + ¢ (arrow). Other constituents 
depart somewhat from those of Gaey of eutectic are particles of @ and needles of unknown phase 
and Sokolov,! and are in better agree- polished in relief. Etched with HF. Mag. 1000 x. 


ment with the calculated parameter 
based on atomic radii. 

The critical points of pure iron used 
in the final diagram were taken from 
the 1948 Metals Handbook as A; at 
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FIG 19—Summary of X ray results on solution-quenched alloys containing 8-100 at. pct iron. 


910°, A, at 1400° and m.p. at 1539°C. 
No studies were made of the austenitic 
and ferritic phase boundaries. The 
gamma loop and alpha solubility limits 
ot Gaev and Sokolov! were adopted. 


0-8 AT. PCT IRON (0-35 WT. PCT) 


The results of thermal analyses on 
cooling of alloys lying in this range 
are summarized in Fig 10. The liquidus 
line descends from “pure” beryllium, 
and reaches a minimum at 4.7 at. pct 
iron. This occurs at 1210°C, and corre- 
sponds to the maximum heat effect in 
the series. The lower arrest of beryl- 
lium descends with increasing iron, and 
meets the 1190°C isothermal line at 
about 3.0 at. pet iron, where it yields 
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the maximum heat effect in this series. 

The phase fields outlined in Fig 10 
were drawn to be consistent, not only 
with the thermal points shown, but 
also with the X ray (Fig 11) and metal- 
lographic results of the  solution- 
quenching experiments.* 

The latter observations were given 
more weight in cases where super- 
cooling was suspected to have influ- 
enced the thermal arrests. For example, 
the two points at 950°C in Fig 10 were 
found to be in error because of super- 
cooling. Hence, the isothermal reaction 
indicated at 1010°C. was ascertained on 
the basis of the quenching experiments. 


* Due regard was also given to the phase rule 
as applied to ternary systems. 


Fig 12 offers a comparison of the 
diffraction patterns of several alloys 
after quenching from above and below 
1010°C. 

The transformations corresponding 
to the various lines in Fig 10 and 11 
are deducible from the microstructures. 
Up to 2.9 at. pct iron, the as-solidified 
alloys exhibit increasing amounts of an 
eutectic-like structure, (Fig 13 and 14) 
which is evidently connected with the 
1190° isothermal line. At the same 
time, the amount of primary @ dimin- 
ishes. Beyond 3.0 at. pct, a coarse 
duplex structure appears and reaches 
a maximum at 4.7 at. pct iron, corre- 
sponding to the 1210° intersection. A 

* comparison of the two “eutectics” is 
found in Fig 15. 
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FIG 20—X ray diffraction patterns of alloys containing 8-100 pct iron. Annealed below 1000°C. 


When the iron is increased above 
4.7 at. pet, primary grains of e« begin 
to appear in conjunction with the two 
“‘eutectics” (Fig 16). The mottling in 
the primary « is due to partial decom- 
position into 6+ ¢ via the eutectoid 
reaction at 1010°C. In some instances, 
even the e associated with the “‘eutec- 
tic”’ structures undergoes such decom- 
position (Fig 17). However, if the 
alloys are quenched from above 
1010°C, the phase is retained intact. 
As shown in Fig 13 and 17, some pre- 
cipitation from the @ phase occurs dur- 
ing slow cooling, in accordance with the 
sloping solubility limit. 

It is believed that the coarser of the 
two “eutectics” results from the uni- 
variant reaction L — @ + e in the vi- 
cinity of 1210°C, and the finer one 
from the nonvariant reaction L — 6 + 
e+ X at 1190°C (Fig 10). Unfortu- 
nately, no evidence was obtained as 
to the identity of the X constituent. 
Fig 17 shows primary grains of @ sepa- 
rated by a network of the ternary 
eutectic. The @ particles and e€ matrix 
of the eutectic are clearly distinguish- 
able, but there is also a third phase 
(polished in relief) in the form of 
needles that run through the eutectic, 
causing jagged interfaces between the 
6 and «. No diffraction lines attribu- 
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table to this phase were observed. 


8-100 AT. PCT IRON (35-100 WT. PCT) 


Since the assumed impurity was 
introduced in proportion to the beryl- 
lium content, it was reasonable to ex- 
pect the ternary behavior of the system 
to vanish gradually with increasing 
percentages of iron. Thus, the higher 
iron range could be treated as a regular 
binary diagram without undue viola- 
tion of the phase rule. 

The results of thermal analysis for 
the above composition range are 
plotted in Fig 18. The liquidus rises 
to approximately 1480°C at the melt- 
ing point of the compound FeBe; (8), 
then falls to 1165°C (the eutectic of 
8 and a), and finally. rises to 1539° at 
the melting point of pure iron. 

The solution-quenching experiments 
are summarized in Fig 19. Fig 20 illus- 
trates the diffraction patterns of typi- 
cal alloys in this range. 

From the shape of the liquidus lines 
and extension of the solid phase bound- 
aries, a peritectic reaction was deduced 
at approximately 1375°C: L + Be. 
No thermal evidence for this reaction 
was found but the microstructure of 


_an alloy in this range did show signs 


of 6 surrounded by e. Furthermore, the 


peritectic temperature agrees with that 
of Gordon’s diagram in Fig 1. 

The micrographs in Fig 21 to 25 
illustrate the types of structures ob- 
served. Fig 21 shows a mixture of ¢ 
(light and feathery) and e (dark 
masses). Fig 22 and 23 are examples 
of 8. Fig 24 typifies the primary 8 plus 
eutectic (a + 8) structure, and Fig 25 
shows an iron-rich alloy with 8 precipi- 
tated from the @ solution matrix. 


Final Diagram 


The entire diagram is assembled in 
Fig 26. At the beryllium-end, the ter- 
nary behavior is eliminated by col- 
lapsing the three-phase regions in an 
attempt to estimate the nature of the 
true beryllium-iron binary system. 
This practice is somewhat arbitrary 
because there is no information as to 
the critical temperatures and compo- 
sitions in the absence of the interfering 
impurity. However, it is likely that 
the observed liquidus and solidus tem- 
peratures would rise slightly with in- 
creasing purity, as found by Losano® 
for beryllium itself. 

Fig 26 embodies all these consider- 
ations, and is redrawn to conform to 
the method of presentation adopted by 
the 1948 Metals Handbook. 
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FIG 21—12.5 at. pct Fe, as solidified. « phase is black and massive. ¢ phase is light and feathery. Unetched. 
Illuminated by polarized light. Mag. 100 x. 

FIG 22—97.3 at. pct Fe, as solidified. All 8 phase. Unetched. Illuminated with polarized light. Mag. 100 X. 
FIG 23—32.0 at. pct Fe, as solidified. All 8 phase. Note fine pattern within grains. Unetched. Illuminated with 
polarized light. Mag. 100 x. 

FIG 24—51.2 at. pct Fe, as solidified. Primary grains of 8 and eutectic of a + 6. Etched with nital. Mag. 100 X. 
FIG 25—70.5 at. pct Fe, as solidified. Primary grains of « with precipitate of 3. Etched with nital. Mag. 100 x. 
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FIG 26—The beryllium-iron system. 


Conclusions iron. The corresponding weight per- 
centages are given in Fig 26. 
5. The ¢ phase decomposes congru- 

1. The available beryllium (99.4 wt ently on heating into € at 1075°C, and 
pet) was sufficiently impure to exhibit the 8 melts congruently at about 
a double arrest at the melting point. 1480°C. 

2. Because of the binary nature of 6. There are appreciable ranges of 
this beryllium, the beryllium-iron dia- solubility in the a, 8 and e phases, but 
gram investigated turned out to be a very limited solubility in the ¢ and 0 
section through a ternary system. The phases. 
experimental data were analyzed on 
this basis, and then the beryllium-iron 
binary was deduced by allowing the Acknowledgment 
three-component relationships to de- 
generate into a two-component dia- 
gram, thus eliminating one degree of The authors wish to express their 
freedom. This approximation was only appreciation to Mr. Paul Gordon for 
necessary at the beryllium-end of the permission to publish Fig 1 which sum- 
system. marizes his preliminary work leading 

3. The solid phases in the system up to the present investigation; to 
have been identified as listedin Table2. Dr. A. R. Kaufmann for his criticisms 

4. The beryllium-iron diagram con- and aid; to Mr. A. B. Bompane who 
tains two eutectics: one at 1225°C, assisted in the thermal analyses; to 
Ls = 60.4 + €7; and the other at 1165°C, Miss H. P. Roth for the general metal- 
Les = B37 + avez. There is also a peri- lographic work; to Mr. Charles Fletcher 
tectic at 1375°C, Lig + B21 = 1s; and for the special polishing of the brittle 
an eutectoid at 1010°C, ey = <0.1+s. alloys; and to Mr. V. M. Mahady for 
The subscripts indicate atomic percent making the beryllia crucibles. 
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‘Development of the Modern Zinc Retort in The United States.” By H. R. 


The research was carried out in the 
Department of Metallurgy at Massa- 
chusetts Institute of Technology under 
the auspices of the Manhattan Project, 
Contract No. W7405-eng-175. 
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The Cobalt-chromium Binary System 


By A. R. ELSEA, A. B. WESTERMAN, Junior Mem ers, and G. K. MANNING, Member AIME 


DISCUSSION 
(G. E. Doan and W. L. Fink presiding) 


A. H. SULLY *—There are two points 
relating to this paper which I would like 
to discuss. 

The first relates to the purity of the 
alloys. I note that, whereas all the alloys 
examined were analyzed for nitrogen, 
no estimations of the oxygen content 
appear to have been made and, in dis- 
cussing the purity of the materials, 
although the authors refer to the oxygen 
content of the electrolytic cobalt (0.034 
pet), they appear to have ignored the 
oxygen present in the electrolytic chro- 
mium. It was first shown by Adcock® 
that the oxygen content of electrolytic 
chromium may be, and usually is, con- 
siderable, the content of chromium oxide 
Cr,03 being commonly of the order of 
1-2 pet. Brenner, Burkhead and Jen- 
nings® have recently confirmed this fact 
and have made a comprehensive investi- 
gation of the variation of the oxygen 
content with conditions of  electro- 
deposition. Work in progress at the 
Fulmer Research Institute on the prepa- 
ration of high purity chromium-rich 
alloys has illustrated the difficulty of re- 
moving the oxygen content; and we have 
found that chromium-rich alloys can con- 
tinue to oxidize when melted under 
moderate vacuum conditions (5-20 
microns). For this reason, chromium- 
cobalt alloys with up to 20 pct cobalt, 
made from electrolytic chromium con- 
taining initially about 1.6 pct Cr,03 may 
contain, after vacuum melting, up to 
2.5 pet Cr.03. The oxygen content may 
be determined readily by dissolving the 
alloy in dilute acid and weighing the in- 
soluble residue of Cr.,03. The same 
method may be used for the determina- 
tion of the oxygen content of electrolytic 
chromium, if the chromium is first heated 
for a period of a few hours at a tempera- 
ture of about 800°C. 

While the oxide content is unlikely to 
have any serious effect on the phase 
transformations, it must be remembered 
that the chromium content of the oxide 
will be withheld from solid solution and 
this will have a minor effect on the loca- 
tion of the boundaries in the chromium- 
rich alloys. A statement by the authors of 
the oxygen content of their alloys would 
enable an assessment to be made of the 
probable precision in the location of the 
e/y + ¢ phase boundary. 


* Fulmer Research Institute, Stoke Poges, 
Buckinghamshire, England. 
8 References are at the end of discussion. 
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The second point which I wish to make 
concerns the identity of the y phase. 
During a preliminary survey of the 
cobalt-chromium system, my colleague, 
Mr. T. J. Heal, and I® found that this 
phase was isomorphous with the sigma 
phase, of the iron-chromium. Andrews,1! 
in commenting on our result, has since 
stated that there appears to be a third 
isomorphous phase in the systein Fe-V. 
The present investigation places the com- 
position of this phase at the CO .Crs 
composition, confirming the earlier work 
of Wever and Haschimoto.! In the iron- 
chromium system the isomorphous sigma 
phase forms at the ratio Fe-Cr. In both 
systems, however, solution seems to be 
confined to the low chromium side of the 
relevant stoichiometric composition. The 
reason for the variation of the stoichio- 
metric ratio for the isomorphous phase 
between the Co-Cr and the Fe-Cr system 
is an interesting subject for speculation, 
and further study of this phase in the two 
systems may throw further light on the 
difficult subject of atomic bonding in 
alloys of the transition metals. 

N. J. GRANT* and L. W. KATES*— 
Several points in this paper that are not 
quite clear or in complete agreement with 
our work at Massachusetts Institute of 
Technology include the following: 

The structure of an all-alpha specimen 
(Fig 4) could be interpreted as a two- 
phase structure rather than a single phase 
one. Specimens of chromium contents 
10.6, 16.8, 23.0, and 28.8 pct when 
heated at temperatures of from 1800 to 
2200°F (980 to 1205°C) for periods of 
time ranging from 1 to 48 hr followed by 
water quenching, invariably showed 
both F. C. C. and H. C. P. lines on X ray 
diffraction examination. In addition, 
these same specimens, when examined 
metallographically, using such etchants 
as chrome regia and Marble’s Reagent, 
showed a rather poorly defined but un- 
mistakable two-phase. structure. We 
wondered, in those treatments where the 
initial structure was ‘‘all alpha,’’ if this 
were checked by X ray diffraction pat- 
terns. It was not made clear, but we 
presumed that the alpha structure was 
retained at room temperature by water 
quenching. Our work has indicated that 
there is a metastable martensitic form of 
beta which is formed on quenching from 
within the alpha range which accounts 
for the H. C. P. lines and the microstruc- 
ture observed in quenched alpha speci- 
mens. If that is the case, the so-called 


* Massachusetts Institute of Technology. 


“all alpha’? structures are not truly 
equilibrium structures. It would seem 
that a true equilibrium alpha structure 
does not exist at room temperature and 
that a study of the a to 6 transformation 
would best be done by transferring the 
hotall alpha specimen directly to the aging 
temperature without the intermediate 
quenching step. 

Although no attempt was made at 
Massachusetts Institute of Technology to 
establish the boundaries of the gamma 
phase field, the presence of gamma phase 
in alloys as low in chromium as 15 pct 
seems questionable. It is interesting to 
note that alloys V-20, V-26, and V-31 
were cold worked initially to form beta 
and all these showed a gamma precipitate 
when aged for 65 hr at from 600 to 850°C. 
Alloy V-14, however, which had a 
homogenized structure initially, did not. 
It seems possible, therefore, that the so- 
called gamma precipitate is, in fact, some 
residue of the initial cold-worked struc- 
ture. This is further suggested by the fact 
that Alloy V-36 which also had a homo- 
genized initial structure showed no 
gamma precipitate at 600°C, although at 
650°C and above, presumably, massive 
gamma, as exemplified in Fig 8, was 
found. 

We took note of the treatments for 
developing gamma shown in Table 4 and 
repeated one of the experiments using our 
28.8 pct chromium alloy. The specimen 
was heated at 1000°C for 1 hr and water 
quenched and metallographic examina- 
tion showed the usual two-phase struc- 
ture. The specimen was then held for 50 
hr at temperatures of 875, 850, 830, and 
890°C with metallographic and X ray 
examination being made between each 
different treatment. The structure in 
every case was the same, namely a single 
phase H. C. P. structure. There was no 
evidence of gamma precipitate similar to 
Fig 7 resulting from any of the treat- 
ments. Several attempts were made to use 
the etchant described in the paper for 
identifying the gamma phase; all were 
unsuccessful. The etchant finally adopted 
was Marble’s Reagent which showed the 
beta grain boundaries quite well. 

Regarding etchants 1, 2, and 3, used by 
the authors, we never, at any time, were 
successful in using them as described in 
the paper on our own alloys. We are not 
surprised that prior alpha structure did 
not transform to beta in 50 hr in alloys of 
less than 20 pct chromium. We did note, 
however, that a 28.8 pct chromium alloy 
transformed from alpha to beta com- 
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FIG 17—Plots of patterns of various alloy 
compositions of cobalt and chromium. 


paratively easily when cooling in a 
dilatometer at a rate of about 5°C per 
min. We found that the 23 and 28.8 pct 
chromium alloys transformed readily 
from alpha to beta and vice versa, 
simply by heating and cooling in a well 
insulated furnace, but that the 10.6 and 
16.8 pet alloys did not transform on cool- 
ing (alpha to beta) even at very slow 
cooling rates. 

H. S. AVERY *—Rockwell hardnesses 
are mentioned in the paper, but I did not 
see any values. I should like to suggest 
that the authors will make this more valu- 
able as a reference if in their written reply 
to the discussions they would include 
microhardness readings for the various 
constituents, and also give enough of their 
X ray crystallographic data to enable 
other workers to check their data against 
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those described in this paper. . 

W.O.SWEENY *—The authors should 
be complimented on their very thorough 
investigation. We feel it is very timely 
now because of the necessity to know 
more about the high temperature alloys, 
as well as to obtain fundamental data 
which will enable the development of 
newer and better alloys for even higher 
temperatures. 

The results of the work which were re- 
ported are in substantial agreement with 
the previous work that has been published 
and the work done at Union Carbide and 
Carbon Research Laboratories in Niagara 
Falls. It is also in line with the work we 
have done at the Haynes Stellite Co. Of 
course, the latter has been devoted pri- 
marily to more complex alloys. 

However, we think it is noteworthy 
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that the results the authors have ob- 
tained are not inconsistent with what we 
found in more complex alloys of this type. 

A. R. ELSEA (authors’ reply)—Mr. 
Sully has raised a very interesting ques- 
tion regarding the oxygen content of the 
cobalt-chromium alloys studied in this 
investigation. The electrolytic chromium 
used as melting stock in preparing these 
alloys contained 0.28 to 0.50 pet oxygen. 
Alloys V-7, V-20, V-26, and V-31, listed 
in Table 1 of the paper, contained 0.015, 
0.14, 0.09, and 0.18 pct Cr2Os, respec- 
tively, as determined by a wet analysis 
method similar to the one described by 
Mr. Sully, but in which a correction was 
made for the amount of chromium 
nitride present in the residue. Micro- 
structures of the vacuum-melted alloys, 
such as those described above, contained 
numerous oxide inclusions, while the 
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structures of the alloys melted in an 
alundum crucible under purified argon 
were almost free from oxide inclusions. 
After considerable study, it was con- 
cluded that chromium oxide in the melt 
went into solution in the alundum cruci- 
ble, thus lowering the oxygen content of 
the melt. 

The observation made by Mr. Sully 
that the cobalt-chromium gamma phase 
is isomorphous with the sigma phase of 
the iron-chromium system substantiates 
similar observations made at Battelle. 

Dr. Grant and Mr. Kates have raised 
a number of questions regarding phase 
identification, experimental techniques, 
and interpretation of the data. In our 
opinion, the specimen shown in Fig 4 of 
the paper was alpha phase at the heat- 
treating temperature used; but upon 
cooling to room temperature partial 
transformation to beta phase occurred 
by a martensite type reaction similar to 
the reaction observed in pure cobalt by 
Troiano. This explains the acicular struc- 
ture observed in Fig 4 and also partially 
accounts for the diffuse pattern of beta 
phase observed in the X ray diffraction 
patterns shown in Fig 17 of this discus- 
sion. It was because of this partial trans- 
formation during the quench that the 
aged specimens with alpha prior struc- 
tures were transferred directly from the 
preheating furnace to the aging furnace, 
as described in the paper. 

There is no question in our minds re- 
garding the presence of gamma phase in 
cobalt-chromium alloys containing as 
little as 20 pct chromium. All of the 
binary alloys containing 20 pct or more 
chromium when aged at temperatures 20 
to 50°C below the lower limit of the 
alpha-beta transformation range were 
found to contain gamma phase. The 
presence of gamma phase in these speci- 
mens was established by both metallo- 
graphic and by X ray diffraction studies. 

Dr. Grant’s unsuccessful attempts to 
use the metallographic etchants described 
in the paper are difficult to explain. We 
have used these etchants throughout the 
study of the binary system and in our 
studies of the cobalt-chromium-iron, 
cobalt-chromium-nickel, and cobalt-chro- 
mium-nitrogen systems with success. The 
higher chromium alloys require a much 
longer etching time, but if the proper 
etching technique is used, metallographic 
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identification of the phases in this system 
is not difficult. 

The Rockwell hardness impressions re- 
ferred to by Mr. Avery were made on 
metallographic specimens to determine 
the nature of the slip lines or the type of 
fracture that was produced in the various 
phases by slight cold work. The micro- 
hardness values requested by Mr. Avery 


are as follows: 
Knoop Hardness 
(500-g load) 


GAMMA suis. cmvetets 940 to 960 
Epsilon (84 pct Cr).... 630 to 686 
Beta (81 pct €r)....... 330 to 360 


Alpha* (31 pct Cr)..... 250 to 340 
* The hardness of alpha was determined at 
room temperature and, therefore, it was not pure 
alpha but was alpha plus beta which formed while 
cooling to room temperature. 


The following discussion of the X ray 
diffraction data was prepared by Dr. C. 
M. Schwartz of the Battelle staff, who 
conducted the X ray diffraction studies: 

Plots of representative X ray patterns 
of alloys of various compositions and heat 
treatments are shown in Fig 17. Filings 
were used in Debye cameras with Co, Ni, 
or Crk radiation; or where greater re- 
solving power was required, block sam- 
ples were used with CrK radiation in 
a 20-cm-diam unsymmetrical focussing 
camera. Since the techniques varied, the 
photograms could not be compared di- 
rectly, and it was necessary to resort to 
the graphical plot in Fig 17. 

Pattern A, obtained from a 20 pct 
chromium sample quenched from 900°C, 
not far above the transformation zone, 
illustrates the existence of the “‘diffuse”’ 
hexagonal beta phase in samples quenched 
from the high-temperature F.C.C. alpha 
region. The corresponding indices of the 
reflections are indicated above the pat- 
tern. The appearance of beta is in agree- 
ment with that reported in pure cobalt 
by Edwards and Lipson.t Some lines are 
sharp, others diffuse, owing to stacking 
faults as explained by these authors. The 
existence of this faulted hexagonal phase 
is well correlated with the Widman- 
statten-like appearance of the micro- 
structure of alpha phase in Fig 4 of the 
paper. The question whether this struc- 
ture results in part from quenching 
strains has not yet been settled from 
X ray data. Small amounts of “diffuse” 
hexagonal remain in samples of filings 
examined in a high-temperature camera 


t Proc. Roy. Soc., (1942) 180A, 268. 


Magnet Alloy 


By A. H. GEISLER, Junior Member AIME, and J. B. NEWKIRK 


DISCUSSION 


(G. E. Doan and W. L. Fink presiding) 
W. L. FINK*—For some years many 
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of us have believed that the age hardening 
mechanism consisted simply of precipi- 
tation by nucleation and growth in 
which the precipitation occurred by the 
usual Widmanstatten mechanism, and 


at temperatures just above the trans- 
formation zone, after moderate holding 
times. The amount does not increase on 
rapid cooling to room temperature; how- 
ever, the strain introduced in this way is 
not comparable to that in a quenched 
block sample. Experiments are contem- 
plated in which samples will be held and 
examined at temperatures far above the 
transition to see whether the hexagonal 
structure will tend to disappear. 

It is to be noted that the (111) cubic 
and (0002) hexagonal reflections are re- 
solved; complete resolution is attained in 
the focussing camera, using chromium 
radiation. This makes it possible to com- 
pare the relative intensities of the lines of 
the hexagonal phase. In spite of the dif- 
fuse nature of some of the lines, there is 
no marked discrepancy among the inten- 
sities, as has sometimes been claimed for 
cobalt itself. 

Patterns B and C were obtained from 
20 pet and 31 pct Cr block samples hot 
forged in the beta region, and subse- 
quently heat treated and quenched from 
700 and 800°C, respectively. Under these 
conditions sharp hexagonal beta-phase 
patterns are obtained free from alpha. 
The two strongest lines of gamma phase 
also appear faintly, in agreement with the 
phase diagram in Fig 3. Note again that 
the relative intensities of the first three 
lines of beta agree in Patterns A, B, and C. 

Patterns D, E, and F contain gamma 
phase. Pattern F is single-phase gamma, 
with lattice spacings corresponding al- 
most to the limit of chromium solubility. 
The solubility range is small, and the 
shift in spacing is readily detected only 
in the back-reflection lines. Pattern G, 
that of the chromium-rich solid-solution 
phase epsilon, is given so that its presence 
in Pattern F may be easily identified. 
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a Permanent 


during the early stages of which the pre- 
cipitate is coherent with the matrix. 

Dr. Geisler has been working on this 
problem—one system after another— 
and he has succeeded in proving that 
mechanism for several alloys. He is doing 
a very excellent job. I feel that today 
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he skipped rather lightly over one of the 
important parts of this work—the streaks 
that are obtained on the Laue patterns 
from single crystals. I wonder if he would 
like to say a little more about the streaks. 

A. H. GEISLER (authors’ reply) —The 
interpretation of streaks in Laue photo- 
grams represents a specialized but im- 
portant part of the precipitation problem. 
It has been demonstrated elsewhere’ that 
the streaks can be interpreted generally 
as the result of small dimensions of the 
precipitate particles that have a new 
structure related to the matrix by co- 
herency. As such, the small particles 
should warrant no special consideration 
as a step in the precipitation process dis- 
crete from the larger, coherent particles 
that produce normal sharp diffraction. 
This was suggested by the discusser 8 or 
10 years ago and has since been confirmed 
for several alloys. Indeed, the present 
study illustrates that age-hardening need 
not be contingent upon the structure that 
is responsible for streaks since the major 
part of the hardening of Cunico occurs 
after the particles have grown to a size 
large enough to produce sharp diffraction. 

R. M. BRICK *—This aging is a little 
different from the normal precipitation 
process. Constitutionally it is almost a 
eutectoid reaction. You use the word 
“recrystallization’’ in discussing the 
lamellar stage of precipitation. I assume 
that you imply that if reheated after 
complete softening, when again in the 
single phase structure, there would be a 
completely different matrix grain struc- 
ture than there was originally. Is that 
true? 

A. H. GEISLER—tThe difference be- 
tween the precipitation process in this 


8 References are at end of discussion. 
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type alloy and the usual is that here the 
precipitate has the same structure as the 
matrix whereas usually the precipitate 
has a structure different from the matrix. 
In this respect the reaction here is more 
remote from the eutectoid reaction where 
both decomposition products usually 
have structures different from each other 
and different from the parent phase. 
Furthermore, the basic constitutional 
difference exists: that of the absence of a 
specific reaction temperature and compo- 
sition as in the eutectoid reaction. Grain 
refinement in some alloys can be induced 
by the nodular reaction. The best evi- 
dence for this has been obtained on single 
crystals using the Laue X ray diffraction 
technique. Single crystals of some alloys, 
notably Cu-Be, Ag-Cu and Ni-Au are 
replaced by a polycrystalline aggregate 
when heat-treated crystals are aged and 
re-solution heat treated. 

A. E. FLANIGAN*—I should like to 
comment on Dr. Geisler’s remarks con- 
cerning a novel method for obtaining 
grain refinement. 

It is implied that in the case of certain 
precipitation-hardening alloys it has been 
found possible to obtain grain refinement 
of the solid solution by means of a process 
involving precipitation followed by reso- 
lution. Presumably, precipitation of the 
discontinuous “‘lamellar’’ type in the 
region of the grain boundaries of the solid 
solution is attended by recrystallization 
of the matrix. Upon re-solution, it is 
implied, the new orientations of the 


previously lamellar patches are pre- . 


served thus effecting grain refinement of 
the solid solution. 

This mechanism and its possible prac- 
tical importance interested me several 
years ago and at that time an attempt 


* University of California. 


was made to induce grain refinement in 
this manner. A magnesium base casting 
alloy containing 9 pct aluminum and 2 
pct zinc was employed. (ASTM B80-45T 
grade AZ92.) About ten cycles of the 
above-described treatment were em- 
ployed and measurements of the grain 
size of the solid solution were made after 
each cycle. No changes in grain size were 
detected, however, even after this large 
number of cycles. 

A. H. GEISLER—The application of 
the nodular reaction as a grain refinement 
method depends both upon alloy and 
thermal treatment. Since this is a recrys- 
tallization of the matrix it can be sup- 
pressed by the relieval of strain through 
prior recovery in much the same manner 
as the suppression of recrystallization of 
cold worked metal. Thus, by slow heating 
to the solution temperature, it has been 
possible to recover single crystals by reab- 
sorbing the recrystallized nodules. For 
grain refinement, such a reversion would 
have to be prevented; the nodular reac- 
tion would have to be carried to a suffi- 
cient degree of conclusion by aging and 
the heating rate to the solution tempera- 
ture would have to be sufficiently fast to 
avoid reversion to the original grain 
structure. Naturally, if the rate of grain 
growth to a stable structure is very rapid 
at the solution heat treating temperature, 
as it may well be in some alloys, this 
method would be of little avail as a possi- 
ble method of grain refinement. 
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Some Effects of Applied Stresses on 
Precipitation Phenomena 


By WALTER L. FINLAY and WALTER R. HIBBARD, JR., Members “AIME 


DISCUSSION 


(G. E. Doan and W. L. Fink, presiding) 


Vv. G. PARANJPE*—Have the au- 
thors investigated, or theoretically looked 
into, the effect of these large hydrostatic 
pressures on the equilibrium diagram 
itself? Of course, the change in the equi- 
librium relationships would depend on 
the amount of heat evolved, and the 
change of volume associated with the 
reaction. The effect may be computed by 
straightforward thermodynamics. It may 
be that the effect of hydrostatic pressures 
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which the authors describe in their paper 
might arise appreciably from the change 
in the equilibrium relationships only. 

W. L. FINLAY (authors’ reply)—Mr. 
Paranjpe has raised a very interesting 
point. We have no information on the 
effect of pressure on this system and have 
had no opportunity to investigate it. 

I might point out that intermittently 
through the aging sequence specimens 
were removed for periods up to two 
hours in order to make the hardness 
measurements. Occasionally specimens 
were examined microscopically and noth- 
ing unusual compared to atmosphere- 
pressure-aged specimens was noticeable 


under the microscope. 

Also, the hydrostatic-aged specimens 
had hardness properties, which, although 
they were significantly different from 
atmosphere-pressure-aged specimens, 
nevertheless were not of a different order 
such as no hardening at all. This would 
make me wonder if the solubility rela- 
tionship had been markedly changed, but 
I have no information on that. 

Cc. S. BARRETT*—If you had ex- 
amined the microstructures, would you 
say whether there is a tendency for 
orientation of the precipitates as a result 
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of: the-applied stresses? 

W. L. FINLAY—I am afraid that 
again we have no data to offer on that 
point. Optical microscopy gave no perti- 
nent evidence and no X ray work was 
done in the investigation. 

Cc. S. BARRETT—Did you happen to 
notice whether the precipitate tended to 
be aligned on slip planes, or was it dis- 
tributed generally, and with equal num- 
bers of precipitated particles on the 
different crystallographic planes that are 
equivalent in the matrix? 

W. L. FINLAY—At the aging tem- 
perature involved (100°C), Widman- 
statten figures are not developed in these 
alloys and precipitation particles were 
aligned on slip planes. 

R. M. BRICK*—Do you have any 
data regarding the volume changes in- 
volved in the systems? 

W. L. FINLAY—In so far as 100°C 
aging is concerned, there is a volume 
contraction in Al-Zu and Al-Cu; data 
are not available for 75S. 

R. M. BRICK—If there is volume con- 
traction, then you would expect pressure 
to accelerate precipitation just from a 
volume standpoint? 

W. L. FINLAY—Yes, you would ex- 
pect more precipitate to come out from 
that standpoint. You are placing the 
matrix under compression, and, in the 
Al-Zn case, the zinc is in tension and you 
are relieving the elastic strain. Therefore, 
you would tend to extend the amount of 
coherency. Both Drs. Barrett and Brick 
have touched on the interesting possibil- 
ity that the application of external 
stresses during aging might affect the 
mode of precipitation, that is, by chang- 
ing the relative amounts of precipitation 
on different matrix planes which, al- 
though crystallographically equivalent, 
are differently oriented to an applied 
uniaxial tensile stress; or by changing the 
plane of precipitation by altering the 
relative spacings of matrix and precipi- 
tate. An investigation of these possibili- 
ties using single crystals would appear to 
be worthwhile. 

G. CHAUDRON,} J. HERENGUELt{ 
and P. LACOMBES (Translation)\— 
The paper by Messrs. Finlay and Hib- 
bard draws attention to the importance 
of stresses on the kinetics of structural 
hardening, particularly at a temperature 
of 100°C where abundant precipitation 
of a second phase can be observed in most 
solid solutions of aluminum. 

We should like to call attention to 
some observations which we made with 
regard to these alloys. We have shown?? 
that structural hardening is very rapid 
at room temperature for an alloy con- 
taining 12 pct zinc. Moreover, in the 
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FIG 17—Intergranular decohesion observed spontaneously 


on aluminum 


alloy containing 12 pct zinc, electrolytically polished then aged at 20°C after 


quenching from 400°C. x 300. 


FIG 18—Aluminum-zinc-magnesium alloy hardened at 
room temperature and then stressed after electrolytic polishing. 
<1150; 


course of a more or less prolonged aging 
this group of alloys starting with a zinc 
content greater than 3 pct presents, 
depending on composition, a very impor- 
tant phenomenon which we have called 
“intercrystalline decohesion.’’!3 This phe- 
nomenon is characterized by inter- 
granular separation, producing a very 
great brittleness of the alloy (Fig 17). 


This brittleness can be observed both 
in hardening under vacuum and in the 
presence of. more or less humid air. In 
addition, an external mechanical stress 
applied to the metal accelerates this 
cohesion!‘ whether the tested specimens 
are exposed to air or are protected by 
plating, varnish or anodic oxidation. 
The resulting fracture is definitely inter- 
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ment =Aging time. 


FIG 20—Macrograph of Intercrystalline Fracture of 12 pct 
Al-Zn after 5 hr at 100°C under 20,500 psi Tensile Stress. 
Tensile specimen was 14 in. diam. Original magnification 
13 x. Reduced approximately one-half in reproduction. 


granular (Fig 18) as found by Finlay 
and Hibbard at a temperature of 100°C. 

As regards the hardness tests made by 
the authors, we are happy to notice com- 
plete agreement with our own tests 
carried out in 1943 on the same alloys, 
prepared likewise by starting with pure 
metals. (Fig 19). With regard to an 
alloy richer in zinc, 20 pct for example, 
it becomes impossible to perceive an 
increase in hardness after quenching, 
the latter taking place in a few seconds. 
In the course of the same study, we 
determined the specific effect of certain 
impurities, particularly iron and nag- 
nesium, on the kinetics of hardening. 
Additions of iron restrain the intensity 
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of hardening without slowing it up. Mag- 
nesium, on the contrary, even in ex- 
tremely small quantities (0.02 pct) 
reduces the hardening speed. Thus one 
realizes that preceding studies made on 
impure alloys were not able to reveal this 
structural hardening. 

Finally, it seems that after tests made 
on Al alloys containing 12 pct Zn, Messrs. 
Finlay and Hibbard intended to asso- 
ciate the phenomenon of retrogression 
with the particular way of aging under 
stress. Although the authors confirmed 
that 200°C was the optimum retrogres- 
sion temperature for Al-Cu alloys, they 
adopted for their creep aging tests on 
this alloy the temperature of 100°C. It 


seems to us that the choice of this tem- 
perature no longer allows comparison 
of these two alloys from the point of 
view of the mechanism of redissolving 
the mass of atoms in the course of 
retrogression. 

W. L. FINLAY (authors’ reply)— 
The interesting discussion contributed 
by Messrs. Chaudron, Herenguel, and 
Lacombe is very welcome. The authors 
were familiar with the publications of 
these investigators and, in common with 
a great many others, accord them the 
greatest respect. The following remarks 
are offered regarding the various points 
raised by these discussers: 

1. The spontaneous ‘‘intercrystalline 
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decohesion”’ discussed by Messrs. Chau- 
dron, Herenguel, and Lacombe was never 
observed by us in an experience com- 
prising perhaps a dozen ingots with 
compositions from 8 to 25 pet zinc from 
which several hundred specimens were 
heat treated and observed on occasion 
over a two-year period. The discussers’ 
micrographs establish very clearly, how- 
ever, that their specimens did suffer 
intergranular fracture, and we have no 
explanation for the apparent discrepancy. 
The brittle, intercrystalline fracture we 
reported is illustrated in the accompany- 
ing macrophotograph (Fig 20). Unlike 


the spontaneous failures reported by 
the discussers, all of ours occurred 
after a period of stress at an elevated 
temperature. 

2. The very rapid age hardening at 
room temperature of quenched high 
purity aluminum-zinc alloys, shown in 
our paper and in the discussers’ Fig 19, 
was first reported by Fink and Van 
Horn* based on both hardness and elec- 
trical resistance. Since this feature was 
only of incidental interest to our main 


* W.L. Fink and K. R. VanHorn: Equilibrium 
Relations in Aluminum-zinc Alloys of High 
Purity. Trans. AIME, (1932) 99, 132-140 


purpose, space did not permit men- 
tioning the gratifying agreement with 
the work of the French investigators. 
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Diffusion of Carbon in Austenite with a 
Discontinuity in Composition 


By L. S. DARKEN, Member AIME 


DISCUSSION 


(R. Smoluchowski and M. L. Fuller, 
presiding) 


R. SMOLUCHOWSKI*—Thank you 
for the very interesting paper. It seems 
to me that these experiments provide a 
classical éxample of the role of activity 
in diffusion. You mentioned that in your 
experiment you had a rather wide two- 
phase region. This is possible in a ternary 
system only if there is migration of the 
third component and I do not think that 
under the conditions of your experiment 
this was possible. 

L. S. DARKEN (author’s reply)—The 
two phase region in the first experiment 
(Fig 1) does indeed arise by virtue of the 
migration of the third component (car- 
bon). In a binary system there can be no 
gradient of activity in a two phase region 
and hence such a region cannot be ob- 
tained by isothermal diffusion. In a 
ternary system, however, a two phase 
region is not incompatible with an ac- 
tivity gradient. In fact the data of R. P. 
Smith demonstrate that in the two phase 
region (austenite + ferrite), at constant 
ratio of iron to silicon the activity of 
carbon rises, though slightly, with in- 
rceasing carbon content. 

V. G. PARANJPE{—I would like to 
ask Dr. Darken if this technique would 
not be a godsend in estimating the influ- 
ence of alloying elements on the activity 
of carbon. For example, the steel contain- 
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ing various alloying elements might be 
welded on to an alloy in which the ac- 
tivity of carbon is known. The diffusion 
experiment would thus give an approxi- 
mate idea about the change in the ac- 
tivity of carbon due to the presence of 
alloying elements in the former steel. 

L. S. DARKEN—Mtr. Paranjpe’s sug- 
gestion seems good in principle. As to 
whether this method would be easier than 
others would depend upon the particular 
circumstances. This diffusion method is 
inherently longer than the gas equilibra- 
tion method used by Smith and requires 
a multiplicity of analyses for each sample. 
However, the diffusion method does not 
require such precise control of the gas 
atmosphere and might be adaptable to a 
relatively uncontrolled atmosphere—for 
example, by plating the ‘“‘sandwich”’ with 
an element relatively impermeable to 
carbon. 

J. T. MILEK*—I wonder if the diffu- 
sion could also be explained as an ionic 
mechanism—that is, a movement of the 
carbon ions, if we could say they exist. 
I do not know if there is such a thing as a 
carbon ion in steel. 

It was brought out recently that car- 
bon can migrate under the influence of an 
electric current—a de current electrolysis. 
I wonder if you would see this reaction 
by performing an electrolysis test, in- 
stead of waiting 14 days, that is, to im- 
press a high d-c current through the weld 
and also note that diffusion or transpor- 
tation of carbon, whether it is ionic or 
atomic. 

L. S. DARKEN—TI agree with Mr. 
Milek’s implication that the carbon in 
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austenite is ionic in nature. It migrates 
under the influence of a potential gradient 
(direct current); I have observed this 
effect myself. However, I do not believe 
anything can be gained in the present 
type of experiment by the passage of an 
electric current. In fact, I would expect 
that.the potential gradient would give 
rise to approximately equal force on the 
carbon atoms no matter which side of the 
weld, and that the resulting motion of the 
carbon would tend to mask the effect con- 
sidered in this paper. The superimposed 
effect of the electric current would cer- 
tainly complicate the interpretation at 
any rate. 

Since the publication of this paper, I 
have been informed of the prior work of 
Seith and Bartschat! on this subject. 
They welded an iron-carbon alloy (0.965 
pet C) to each of several low carbon 
alloys (Ni-Fe, Co-Fe, Cr-Fe, Cu-Fe) and 
held each welded specimen at 940°C for 
one day. Although ‘‘uphill’”’ diffusion 
was not encountered under these circum- 
stances, a discontinuity in carbon content 
at the weld was found in several cases. 
This discontinuity was most pronounced 
at the weld involving a 19.2 pct nickel 
alloy—the carbon being 0.39 pct on the 
high nickel side and 0.66 pct on the iron- 
carbon side of the weld. A slight dis- 
continuity (about 0.07 pct C) was found 
at the weld involving a 10 pct cobalt 
alloy. No discontinuity was found with 
the copper (2.7 pect Cu) or chromium 
(10.2 pet Cr) alloy. 
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An Electron Diffraction Study of Oxide Films 
Formed on Niekel-chromium Alloys 


By J. W. HICKMAN, Member AIME, and E. A. GULBRANSEN 


DISCUSSION 
(R. Smoluchowski and M. L. Fuller, 
presiding) 

F. R. MORRAL*—This paper presents 
some very interesting data on two types 
of Ni-Cr alloys. The authors give, it is 
believed, too much importance to the 
oxide films formed as being the controllers 
of the useful life of the alloys at high 
temperatures. The data, summarized here- 
with in Table 6 by types of life (more 
than 100 hr, 50 hr) seem to indicate that 
alloying elements, such as Si and Mn, are 
of special significance. The effect of the 
small amounts of Zr, Ca and Al cannot 
be properly evaluated. The study of 
another set of alloys with these ele- 
ments present and 1.7 pet Mn would be 
necessary. 

The presence of the 1.7 pet Mn is defi- 
“nitely detrimental to the useful life, al- 
though the oxide film is the same as that 
on the alloy showing the longest life (245 
hr). Heating and cooling cycles may have 
an effect on the oxide films, although 
Fig 7 and 8 show that the high tempera- 
ture Oxides are retained on cooling down 
to room temperature for all six alloys. 

The somewhat larger amount of Cr 
(3.5 pet) is beneficial even at higher tem- 
peratures. This effect was not so pro- 
nounced on the alloy containing 1.3 pct 
Si. 

It may be of interest to mention that a 
salt bath has been found which at 1850°F 
(1010°C) in less than 10 min. removed the 
difficulty of eliminating film present on 
nichrome rods and wire. 

The authors are to be thanked for mak- 
ing available this type of valuable data. 

E. A. GULBRANSEN (authors’ reply) 
We are indebted to Dr. Morral for his 
interesting comments. The original choice 
of heater alloys was made on a historical 
basis. It would be of scientific interest 
now to study the effect of one alloying 
element at a time on both the lifetime and 
structural factors of the oxide film. This 
would require a long and intensive study. 

We have not made in our conclusions 
comparisons between alloys of the 80 
Ni-20 Cr and the 61 Ni-16 Cr-23 Fe series 
because the useful life data are made at 
different temperatures. We agree that 
the individual effects of Mn and the small 
amounts of Zr, Ca and Al cannot be 
separated from the data in the alloys 
studied. The effect of Si on the useful 
life and on the structure of the oxide film 
is very marked in the case of the 80 Ni-20 
Cr alloy. The beneficial effect of Cr is 
also noted. 

We would like to restate our inter- 
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Table6... Indicating Special Significance of Alloying Elements 


| 
ica Life Alloy Analysis Oxide Films at 950°C 
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Group | 
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o¢ Hr r Si Mn | Others | Fig On Patton Lines 
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pretation of the oxidation resistance of 
heater alloys. We feel that the oxide film 
cannot be considered as a separate entity 
but rather in combination with the inter- 
face and the alloy itself. The processes by 
which oxidation occurs involve the trans- 
port of metal ions from the alloy through 
the interface and oxide to the surface. 
The rates of these processes are deter- 
mined by the structure factors in the 
alloy, interface and oxide. We also feel 
that the stability of the oxide to decom- 
position and solid phase reactions on 
heating and cooling are of great im- 
portance and are not shown by a single 
cooling experiment. 

F. E. BASH*—The work reported by 
the authors of this paper is very timely in 
view of the great demand for information 
leading to the development of better 
alloys for high temperature service. It is 
hoped that this work and other work now 
being undertaken will lead us to a better 
understanding of the mechanism of oxi- 
dation resistance of alloys when sub- 
jected to high temperature. 

The alloys which were studied in this 
investigation were prepared in a labora- 
tory high-frequency induction furnace, 
casting ingots weighing approximately 
14 lb. These were forged and a portion 
rolled to 44 in. rod and drawn to 0.025 in. 
wire for life test. The other portion was 
rolled to strip for this electron diffraction 
study. Heat 13246 represents the old 
Nichrome LV (80Ni-20Cr). Heats 12246 
and 12046 represent improvements in 


Attention should be called to the life 
test figures given. It will be noted, for 
example, that Heat 12046 of Nichrome 
V (80Ni-20Cr) has a useful life of 157 hr 
at a temperature of 1175°C (2150°F). 
This compares with a life of 245 hr at 
1125°C. (2050°F) for Heat 13346 of 
Nichrome (60Ni-16Cr-Bal. Fe). It might 
be thought, in considering these figures, 
that the Nichrome wire had a useful 
life approaching that of Nichrome V. It 
must be understood, however, that the 
life of a nickel-chromium alloy wire varies 
as a power of the temperature. For exam- 
ple, 157 hr life for Nichrome V at 1175°C 
(2150°F) is equivalent to 450 hr at 
1125°C (2050°F) for the same wire. We 
have found, also, that the durability of 
the nickel-chromium and_nickel-chro- 
mium-iron alloys is affected by the size 
of the heat cast. The life on standard pro- 
duction heats of the same alloy composi- 
tion is considerably higher than on that 
of the same alloy made in the laboratory 
furnace. The authors refer to a paper by 
H. D. Holler,* in which he noted the loss 
of chromium at high temperatures and the 
higher temperature coefficient of resistiv- 
ity of the remaining wire. Due to the 
increased temperature coefficient, he 
concluded that the wattage density (and 
temperature) would be increased in sec- 
tions of the wire where the chromium was 
more depleted. I should like to call atten- 
tion to the effect of varying chromium 
content on specific resistance and tem- 
perature coefficient: 


Alloy Spec. Resis. at 25°C 
80-20 Ni-Cr 650 ohms per cmf 
85-15 Ni-Cr 566 ohms per cmf 
90-10 Ni-Cr 545 ohms per cmf 
A Nickel 60 ohms per cmf 


Spec. Resis. at 1177°C 


(2150°F) Av. TC 27-1177°C 


700 ohms per cmf 0.000067 
612 ohms per cmf 0.000072 
585 ohms per emf 0.000081 
300 ohms per cmf 0.0035 
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composition leading to the present 
Nichrome V (80Ni-20Cr). In the same 
way, Heats 13446 and 12646 represent 
the progress of development of Nichrome 
(60Ni-16Cr-Bal. Fe). e 
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It will be noted from the above that the 
cold resistance of the nickel-chromium 
alloys is reduced considerably with re- 


* Preprint 9207, Oct. 1947, of the Electro- 
Chem. Soc., ‘‘Observations on the Failure of 
80 Nickel—20 Chromium Alloy at Excessive 
Temperatures.” 
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duction of chromium content. It should 
be noted that the hot resistance also is 
reduced. The temperature coefficient 
increases rather slowly with decrease of 
chromium from 20 to 10 pet. The tem- 
perature coefficieng of the pure nickel is, 
of course, very much higher. In view of 
this information, it is obvious that any 
areas which may have lost more chro- 
mium than the average for the wire would 
not have a greater wattage density (I?R), 
since the specific resistance at this point 
would be lower than the average. Even- 
tually the sectional area reduces more at 
one point than at others for reasons un- 
known, and the wattage density increases 
at this point causing failure of the wire. 

I should also like to call attention to an 
article by A. H. Sully, entitled ‘‘A Simple 
Method for the Study of Metallic Diffu- 
sion in Certain Binary Alloys Systems.”’* 
Sully determined the concentration gradi- 
ent of chromium in an 80Ni-20Cr wire 
0.021 in. diam after having been at high 
temperature for a period of time. He 
combined electrolytic etching techniques 
with X ray diffraction and thus obtained 
the chromium content at the surface of 
the wire and at various depths. He 
showed the center of the wire to have the 
original composition, or thereabouts, 
while the chromium at the surface had 
decreased to approximately 8 pct. The 
work of Holler confirms the loss of chro- 
mium in prolonged heating of nickel- 
chromium alloys. 

C. L. GUETTEL{—I wish to ask a 
question concerning the nature of the 
reaction 2Cr + 3NiO = Cr.0; + 3Ni, in- 
volving sample 12046, the new Nichrome 
V. The paper states that this reaction is 
probable ‘‘since Cr,O; is observed both 
by reflection and transmission above 
600°C.” However, what becomes of the 
reaction product, 3Ni? Even if this re- 
sulting nickel were immediately oxidized, 
why would not the NiO be found either 
in the outer film or next lower oxide layer ? 
Your previous paper states that a spec- 
trochemical analysis failed to detect 
nickel in the electrolytically removed 
film.!2 Thus, considering the latter, 
would not the reaction, 2Cr + 34 O. = 
Cr.O3 be more probable? 

E. A. GULBRANSEN—I think that 
both the direct oxidation reaction 2Cr 
+ 34 02 = Cr.O3 and the solid phase 
reaction 2Cr + 3NiO = Cr,0; + 3Ni 
contribute to the formation of Cr2O; in 
the film. The Ni ion in the latter reaction 
diffuses back to the metal. Eventually as 
the Cr is depleted in the surface of the 
metal NiO may form at the metal oxide 
interface. We have confirmed, by X ray 
diffraction studies of the same alloys, the 
fact that Ni is not observed in the films at 
least during the early periods of the 
reaction. 


* Jnl. of Scient. Instr., p. 244, Dec. 1945. 
+ Driver-Harris Co. 
12 References are at end of discussion. 
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C. L. GUETTEL—During the discus- 
sion period following the presentation of 
your papers at the AIME meeting of 
Nov. 1946, I suggested the possibility 
that a difference in results may occur if 
the sample were heated electrically in- 
stead of by radiation. (My remarks 
incorrectly were attributed to Dr. C. G. 
Goetzel). Sully’s work on an 0.021 in. 
80 pet Ni, 20 pet Cr wire, to which Mr. 
Bash has already referred, shows that 
after prolonged heating at high tempera- 
ture, the remaining metal core nearest to 
the oxide layer is the most depleted in 
chromium. The rate and direction of fur- 
ther atom diffusion may be affected in a 
different manner when an electric current 
passes through such a core than when the 
core is heated by radiation. Also, radia- 
tion heating places the source of heat on 
the atmosphere side of the oxide. And 
electrical heating, in effect, places the 
heat source on the metal side of the oxide. 
In view of these comments and the fact 
that, in actual use, furnace and appliance 
elements are heated electrically in air, I 
would like to suggest the following inves- 
tigation based on the work of Sully and 
the authors of this paper: Mount and 
start 16 samples of the same spool of 
Nichrome V (of known analysis and 
physical properties) according to the 
ASTM “Standard Method of Ac- 
celerated Life Test for Metallic Materials 
for Electrical Heating.’’!3 After one hour, 
subject two of the samples to the follow- 
ing tests: 

J. A temperature determination. 

2. A hot resistance determination. 

3. A cold resistance determination. 

4. Electron diffraction, reflection tech- 
nique, to determine the identity of the 
surface oxide. 

5. Electron diffraction, transmission 
technique as applied to the electrolyti- 
cally removed oxide layer to identify the 
oxides occurring on the outer surface and 
in the body of the oxides. 

6. X ray diffraction, applied to the re- 
maining metal conductor in conjunction 
with the electrolytic etching of successive 
metal layers from the core according to 
the method of Sully, to determine the 
transverse chromium distribution at this 
specific time period. 

7. Metallographic examination, trans- 
verse and longitudinal sections, to deter- 
mine the degree and direction of the 
oxidation. 

Repeat the above for other pairs of 
samples at suitable intervals during the 
life test. Apply 4, 5, 6, and 7 to the last 


pair after total life near the point of 


burnout. It does not appear necessary 
that 4, 5 or 6 would have to be applied to 
any sample when heated, as it is unlikely 
that different oxides would exist at an 
elevated temperature than when cool, 
after subjecting each sample to hundreds 
of two minute heating and cooling cycles 
prior tg the diffraction tests (the one 
hour samples excepted). . 


Such a series of tests could relate the 
formation of the specific oxides with the 
chromium distribution in the remaining 
metal core at various time intervals 
under the standard conditions of the 
A.S.T.M. life test, and would be supple- 
mented by metallographic information, 
and thermal and resistance measurements, 
The same series of tests could be applied 
to the older types of Nichrome V (80Ni- 
20Cr) and to experimental modifications 
of the same alloy. The application of the 
tests to Nichrome (60Ni-16 Cr-Bal. Fe) 
would depend on the adaptability of the 
Sully technique to tertiary alloys. 

E. A. GULBRANSEN—Mr. Guettel 
has outlined a very ambitious program 
and I think a very good one. We have 
been doing some thinking along this line 
but we are not in the position to carry out 
such a program. We are arranging to 
make an X ray diffraction study of a 
number of heater alloys in the following 
manner: The specimen will be alternately 
heated and cooled following the ASTM 
life test procedures. X ray diffraction 
patterns will be taken of the sample only 
while the sample is hot. This will be done 
several times during the life of the speci- 
men. This can be carried out by opening 
and closing suitable shutters on the X ray 
tube. A series of patterns also could be 
taken during the cold cycle of the test. 
A comparison of the hot and cold pictures 
as a function of the oxidation may add 
much useful information to structural 
changes in the metal and oxide film. 

The Sully technique also appears to be 
a very useful method for studying the 
change in composition of the metal sur- 
face as a result of oxidation. 

J. H. SCAFF*—I would like to ask 
the author if it is safe to assume that the 
composition of the oxide films produced 
at pressures of 0.1 mm of oxygen would 
be the same as those oxidized at pressures 
corresponding to the oxygen pressure of 
the atmosphere. 

E. A. GULBRANSEN—The pressure 
of 1.0 mm of oxygen is chosen as a matter 
of convenience in evacuating the camera. 
In the case of nickel we do not anticipate 
any change in the structure of the oxide 
films due to the low pressure. This follows 
from the fact that NiO is the only oxide 
ever observed over the temperature 
range in any work known to us. One 
point should be carefully noted and that 
concerns the decomposition of NiO to 
the metal. If high enough temperatures 
are reached NiO may not form at 1 mm 
of O2 while it would form in higher oxy- 
gen pressure atmospheres. 

J. T. MILEK}{—I wish to give my 
compliments to the authors for their 
valuable contribution. 

I recall some years ago reading Profes- 
sor Winchell’s work on spinels. It seems 
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to me that nickel oxide and chromium 
oxide form a continuous series of solid 
solutions in which one would have varia- 
ble nickel oxide and chromium oxide 
contents and this should show up in the 
X ray data. I have not read the paper, 
and I apologize for that, but I wish the 
authors would comment on the continu- 
ous series of solid solutions and also the 
replacement of the bivalent end of the 
spinel. 

For example, NiO Cr.0;—the NiO can 
be replaced by MnO or MgO, and likewise 
the trivalent oxide can be replaced by 
some other oxide as B2O3. 

Have the authors tried an atmosphere 
of hydrogen sulphide and what kind of 
pattern is obtained in a sulphur dioxide 


atmosphere? 

E. A. GULBRANSEN—I failed to 
mention the problems one encounters in 
determining the crystal structure of the 
oxides on the surface. Some of these 
problems we have mentioned in previous 
publications. One has the problem of solid 
solutions of one oxide in another as well 
as the formation of the spinel structure. 
The spinel system as Mr. Milek men- 
tioned is a very flexible one in which 
various oxides can fit. This represents the 
main difficulty in completely specifying 
the composition of the oxide. Both X ray 
and electron diffractions indicate only the 
lattice spacings and give no direct infor- 
mation about what atoms are in the 
crystal. The spinels represent a wide 


variety of oxides which give similar pa- 
rameters for the common metals used in 
heater alloys. 

To answer your other question, we 
have not tried atmospheres containing 
hydrogen sulphide or sulphur dioxide. We 
have not made such experiments and I 
would prefer not to comment until we 
have done so. 
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An Electron Diffraction Study of Oxide Films 
Formed on Copper-nickel Alloys at 
Elevated Temperatures 


By J. W. HICKMAN, Member AIME, and E. A. GULBRANSEN 


DISCUSSION 


(R. Smoluchowski and M. L. Fuller 
presiding) 


™J. T. MILEK*—I wonder if Dr. 
Gulbransen is justified in using the 
equilibrium constant as a criterion for 
evaluating which oxide will form. I 
think, thermodynamically, it is better to 
use the free energy of formation in his 
calculations rather than the equilibrium 
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constant and to determine how the free 
energy of formation varies with the tem- 
perature. These thermodynamic relation- 
ships might explain in a more logical way 
why a certain oxide will form in prefer- 
ence to some other oxide than can be 
explained by the equilibrium constant 
relationship. 

E. A. GULBRANSEN (authors’ re- 
ply)—The free energy AF and the equili- 
brium constant K are related by the 
equation 


= log K 


— AF 
BIRT 


It does not make any difference which 
you use in discussing equilibria. 

G. V. PORTER*—At what composi- 
tion of copper and nickel are there enough 
electrons contributed by copper to fill 
the d band of the alloy? You have not 
mentioned in your talk at what com- 
bination this occurs. 

E. A. GULBRANSEN—The com- 
position is 40 at. pct nickel. 
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Deearburization of Chrome Nickel Alloys by 
Their Surface Oxides in High Vacua and at 
Elevated Temperatures 


By E. A. GULBRANSEN, W. S. WYSONG, and K. ANDREW 


DISCUSSION 
(R. Smoluchowski and M. L. Fuller, 
presiding) 

E. N. SKINNER*—In this paper, 
Dr. Gulbransen and his associates have 
employed their usual beautiful experi- 
mental techniques to offer a fundamental 
contribution to our meager knowledge 
of high temperature gas-metal equilibria. 

* The International Nickel Co., Inc. 


MAY 1949 


Although the procedures adopted in this 
work are above reproach, there are several 
questions which might be raised concern- 
ing the interpretation of the data. 

It has been considered that all carbon 
in the three heater-type alloys studied 
has been entirely in solid solution within 
700-910°C, the range of temperatures 
investigated. This assumption is not 
consistent with observed micro-structural 


changes occurring in carbon-containing 
Ni-Cr and Ni-Cr-Fe alloys. The solid 
solubility of carbon in alloys of this type 
is not definitely known: but is conceded 
to be extremely low. For example, 
carbidic inclusions have been noted after 
appropriate heat treatment at 450°C in 
an alloy of 15 Cr, 6 Fe, balance Ni which 
contained the uncommonly low carbon 
content of 0.02 pct. A similar base com- 
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position containing 0.04 pct will exhibit 
an unmistakable precipitate of carbide 
after heating the solution-treated alloy 
for two hours at 875°C. It is therefore 
highly probable that the 80/20 and 
62/16 samples, containing carbon levels 
of 0.08, 0.12, and 0.06 respectively, con- 
sisted of a carbide-studded matrix at the 
temperature of testing. F 

If the ribbon upon which the present 
work was conducted was in the soft con- 
dition, this strand-annealing operation 
probably consisted of rapid cooling from 
temperatures at or above 1100°C. Sub- 
sequent heating to temperatures in the 
range of 700—910°C after this solution- 
anneal would be expected to promote the 
precipitation of carbides preferentially 
in the grain boundaries. Assuming that 
this condition existed, the two rates of 
decarburization noted by the authors 
might conceivably be explained by a 
rapid rate of outward migration to the 
oxide interface by the carbon atoms 
located in the grain boundaries and along 
slip and twinning planes and a slower 


rate of migration through the lattice. 

In comparing the decarburization by 
high vacua vs. hydrogen, we are inter- 
ested in learning whether the loss in 
weight of the specimen was appreciably 
affected by the dissociation of NiO in the 
Ni-Cr spinel or by loss of residual con- 
stituents such as Ca, Zr, Al, Mg, or Si. 

E. A. GULBRANSEN and K. AN- 
DREW (authors’ reply)—We are in com- 
plete agreement with Dr. Skinner about 
the presence of carbides in the chrome- 
nickel alloys. This should have been 
made clearer in our paper. In order to 
calculate the equilibria of carbon and the 
oxides in the film it is necessary to as- 
sume that the carbon is in solid solution 
since the thermodynamics of the carbides 
at the temperatures under discussion is 
not known. The equilibria calculated 
with this assumption is an estimate of the 
actual equilibria which must involve the 
carbides. 

Dr. Skinner has suggested an alterna- 
tive explanation of the two rates of de- 
carburization noted in the experiments. 


There is one fact which is in opposition to 
the mechanism proposed, namely, the 
second rate is observed after the surface 
oxide film has been removed. We feel that 
we are dealing with a reaction between 
carbon, which is in a large excess in most 
of the experiments, and two different 
sources of oxide, the surface oxide reac- 
tion with carbon being the more rapid 
reaction. Such an explanation overcomes 
the objection noted above. 

We have not studied the loss in weight 
due to dissociation of NiO or loss of resi- 
dual constituents such as Ca, Zr, Mg, Al 
or Si. 

M. LACHANCE*—Has any conclu- 
sion been drawn regarding varied silicon 
content in an alloy as it affects the decar- 
burized weight losses observed ? 

E. A. GULBRANSEN and K. AN- 
DREW—We have not studied the de- 
carburization rates as a function of the 
silicon content in the chrome-nickel series 
of alloys. 
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Fractographic Study of Cast Molybdenum 


By C. A. ZAPFFE, Member AIME, F. K. LANDGRAF and C. O. WORDEN 


DISCUSSION 
(D. L. Martin and J. E. Burke, presiding) 


H. S. AVERY *—Would you comment 
on the type of illumination that you use 
to give the depth of focus in your high 
magnification photographs? 

C. A. ZAPFFE (authors’ reply)—In 
fractography, depth of focus or at least 
an illusion of depth of focus, is attained 
by oblique lighting, which serves much 
as the etch does on polished samples to 
improve the pattern by varying the 
reflection from grain to grain. Cleavage 
facets may be studied visually without 
oblique illumination, but for photography 
it is essential. 

HH. S. AVERY—With your oblique 
lighting do you use a conventional verti- 
cal illumination or dark field illumination? 
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C. A. ZAPFFE—We have tried both, 
and by far prefer the conventional verti- 
cal illumination. Polarized and other 
types of illumination, such as ‘‘sensitive 
tint,” can also be used. There is no spe- 
cial restriction. 

J. H. BOSS*—What kind of micro- 
scope do you use? 

Cc. A. ZAPFFE—We used a Bausch 
and Lomb MILS for this work but have 
used Zeiss, Leitz, and others. There is no 
special restriction in type of microscope, 
except that obliquing has an exaggerated 
importance. 

C. W. HORSTING{—Do you use any- 
thing else besides the carbide to deoxi- 
dize the molybdenum? 

Cc. A. ZAPFFE—Other deoxidizers 
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could undoubtedly be used, but carbon 
has the feature of forming a gaseous 
deoxidation. product which can be re- 
moved from the system under the condi- 
tions of the vacuum. 

F. R. MORRAL*—I read this paper 
with interest. The authors should be con- 
gratulated for the interesting and clear 
fractographs. I note that on p. 3 of their 
paper only one molybdenum carbide is dis- 
cussed although there is a possibility that 
two are present in the MoC diagram as 
shown by Sykes in the 1948 ASM hand- 
book, p. 1183. I wonder if the MoC would 
be one of the two discussed in item 4.under 
the conclusions on p. 21 of the paper. 

C. A. ZAPFFE—Professor Morral 
raises a good point with regard to MoC, 
which we are glad to accept as he suggests. 
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Effect of Composition on Grain Growth in 
Aluminum-magnesium Solid Solutions 


By LOUIS J. DEMER, Junior Member, and PAUL A. BECK, Member AIME 


DISCUSSION 
(D. L. Martin and J. E. Burke, presiding) 

C. G. DUNN*—May we have more de- 
tail on the time required for recrystalliza- 
tion? How did you determine when 
recrystallization was complete? 

L. S. DEMER (authors’ reply)—In 
order to determine the point of complete 
recrystallization, the specimens of mate- 
rial were annealed for various periods of 
time and their hardness values were de- 
termined. Then hardness was plotted vs. 
the time, both to logarithm scales, and it 
was found that when the recrystallization 
was not complete, the points fell on a line 
which had a slope. When recrystallization 
was complete, specimens annealed for 
longer periods of time fell on the hori- 
zontal line. We took the point of com- 
plete recrystallization to be the juncture 
of these two lines. 

C. G. DUNN—The break in the hard- 
ness-time curve probably does mean 
something. On the other hand, it is 
possible to have recovery of physical 
properties prior to recrystallization. In 
other words, the metal may soften with- 
out any appreciable recrystallization 
actually occurring. Furthermore, as grain 
size increases, there may also be a soften- 
ing from this source. I am not too familiar 
with the application of hardness tests to 
the determination of the course of recrys- 
tallization and therefore want the au- 
thors’ views on the reliability of this 
method. 

L. J. DEMER—This was the method 
of determining the point of complete re- 
crystallization. Then it was checked by 
examining the specimens microscopically 
and those points were taken as points of 
complete recrystallization. 

Cc. G. DUNN—To make a contrast on 
the reliability of the hardness test, I 
would say it does not apply to large 
grains or single grains of silicon ferrite. 
For example, we have observed on the 
basis of a Knoop Hardness test complete 
softening prior to recrystallization. There- 
fore, the hardness test may, in my 
opinion, introduce undesirable complexi- 
ties into the study of the extent of 
recrystallization. 

Pp. A. BECK (authors’ reply)—We 
made some X ray diffraction patterns for 
the aluminum-magnesium alloys, as well 
as for pure aluminum, and the X ray 
method confirmed the hardness method 
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as to the time necessary for complete 
recrystallization. 

C. G. DUNN—Concerning another 
point brought out by the authors I would 
like more information on the effect of the 
second phase on the recrystallization 
process. Your data show a smaller grain 
size as well as longer time for complete 
recrystallization with the 2 pct Mg alloy. 
Unless the induction period is consider- 
ably lengthened by the second phase, 
these two facts would indicate a slower 
grain boundary movement in the pres- 
ence of a second phase. As I understand 
it, the main driving force for recrystalli- 
zation is internal strain energy. We have 
here then a grain boundary moving in the 
presence of a second phase but under the 
action of strain energy. Could the action 
of the second phase be discussed further ? 

P. A. BECK—To my knowledge, no 
complete analysis has as yet been made 
of the effect of a dispersed second phase 
on the two rates pertinent to recrystalli- 
zation, namely the rate of nucleation and 
the rate of growth. However, it seems 
very likely that the main effect of a dis- 
persed second phase in decreasing the 
rate of recrystallization is exerted through 
decreasing the rate of growth of the new 
grains, rather than through an effect on 
the rate of nucleation.’ 

J. E. BURKE—Would it not develop 
that all of the observations could be ex- 
plained by saying that the rate of nu- 
cleation was constant but that the rate of 
nucleus growth had been decreased? 

P. A. BECK—Yes, at least qualita- 
tively. 

Cc. G. DUNN—I would like to make 
one more comment on growth in a 
strained matrix because the following 
paper by Professor Beck and coworkers 
will have more on growth presumably in 
the absence of strain. If true nucleation 
occurs, new surfaces are developed and 
energy is required for this. As long as the 
matrix is in_a strained condition the 
energy needed for nucleation and growth 
may be obtained from the matrix. If de- 
formed grains instead of nuclei grow in 
the strained matrix, the picture is 
different. 

J. E. BURKE—Anderson and Mehl® 
made an observation that is possibly 
pertinent to this paper. They found that 
the rate of nucleus growth during recrys- 
tallization increased with decreasing 
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grain size of the deformed material. That 
is, the rate of nucleus growth is greater 
in an originally fine grained specimen 
than in a coarse grained specimen, even 
though the two specimens were deformed 
by identical amounts. This could indicate 
that interfacial energy as well as de- 
formational energy, is important in 
controlling the rate of growth of recrys- 
tallization nuclei. 

P. A. BECK—TI think that there is a 
more likely explanation of that phe- 
nomenon. The fine grained material, 
when cold worked to the same reduction 
of area, develops considerably higher 
hardness than coarse grained material. 
Thus, in spite of the same geometry, 
the effective cold work is greater. 
This accounts for the higher rate of 
recrystallization. 

D. C. JILLSON *—I believe that only 
one set of fabricating conditions was 
studied, ending with a final cold reduc- 
tion of 33 pct. Since changes in fabricat- 
ing conditions might be expected to 
affect recrystallization phenomena, and 
hence might alter some of the conclusions, 
it might be well to state this limitation in 
the conclusions. 

P. A. BECK—The conclusions are 
meant to apply under the conditions of 
the experiments, as fully described under 
“Experimental Procedure.” It appears 
somewhat impracticable to repeat all 
those conditions in the ‘‘ Conclusions.” 

J. E. BURKE—I have two questions 
I should like to have the authors com- 
ment upon. First, what is the influence of 
Magnesium content upon the average 
rate of grain growth? The second ques- 
tion concerns the activation energy for 
recrystallization. Anderson and Mehl 
reported values ranging from 64,500 cal 
per mol to 52,100 cal per mol for elonga- 
tions of from 5 to 15 pet. The present 
authors report a value of 44,000 cal per 
mol for a deformation of 33 pct. The 
range of values encountered serves to 
emphasize the uncertainty of the physical 
meaning of the computed “heats of 
activation.” It would seem probable 
that the change in temperature de- 
pendence indicates a change in the 
atomic mechanism occurring during 
recrystallization. 

The differences in the amount of de- 
formation can account for only a few 
calories per mole in residual energy left 
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FIG 16—Energy of activation for recrystallization in high 


purity aluminum. 
° Activation energy for nucleation. (Anderson and Mehl)® 
@ Activation energy for growth. (Anderson and Mehl)® 
+ Overall activation energy for complete recrystallization. (Present 


paper) 


X Overall activation energy for complete recrystallization. (Calvet, 


Trillat and Paic)® 


in the metal, and thus cannot account 
for the difference of several thousand 
calories per mole in the apparent heat of 
activation. 

P. A. BECK—Concerning Dr. Burke’s 
first question, I should like to refer to 
Fig 14 and 16 of Ref 1. It is shown 
there that at small grain sizes the in- 


br 
stantaneous rate of growth at higher 


for pure aluminum than for the 2 pct 
Mg alloy. However, in pure aluminum 
the rate decreases faster than in the alloy, 
so that eventually the relative rates are 
reversed. After about 4300 min. at 400°C, 
the grain size in the Al + 2 pct Mg alloy 


was larger, in spite of a smaller grain size, 
as recrystallized. 

Dr. Burke observed the difference be- 
tween the heat of activation values re- 
ported by us on the one hand and by 
Anderson and Mehl on the other for the 
recrystallization of pure aluminum. He 
concluded that this difference empha- 
sizes the uncertainty of the physical 
meaning of the computed heats of activa- 
tion. He has, however, neglected to con- 
sider the fact clearly shown by Anderson 
and Mehl, that the Q values for both the 
rate of nucleation and the rate of growth 
decrease with increasing prior deforma- 
tion. Fig 16 shows the data from Fig 23 
of Anderson and Mehl’s paper,’ and 
dotted lines indicate the extrapolation of 
their curves for higher deformation 
values. Since in our work the two factors, 
nucleation and growth, were not sepa- 
rated, the heat of activation for the 
overall process of recrystallization may 
be expected to lie in between the two 
extrapolated curves. As seen in Fig 16, 
this condition is well satisfied, regardless 
of the uncertainty of extrapolation. The 
Q value estimated from older data of 
Calvet, Trillat and Paic? for 95 pct de- 
formation also falls between the reason- 
ably extrapolated lines. Far from agreeing 
with Dr. Burke, we feel justified in con- 
cluding that, as far as comparisons can 
be made at all, the data shown in Fig 
16 are indeed quite consistent with each 
other. 
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Effect of a Dispersed Phase on Grain Growth 


in Al-Mn Alloys 


By P. A. BECK, Member AIME, M. L: HOLZWORTH and P. SPERRY 


DISCUSSION 

(D. L. Martin and J. E. Burke, presiding) 

J. S. SMART, JR.*—From the data 
presented by the authors, it appears 
plausible to speculate on the possibility 
of the existence of a size factor which 
governs the effectiveness of the precipi- 
tated particles in inhibiting grain growth. 
For instance, the 650° curve of Fig 4 
indicates that sufficient precipitate was 
dissolved in one minute at temperature to 
remove the inhibiting effect completely. 
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However, the authors noted that the 
precipitate did not completely dissolve in 
such short time, but in fact, required 
something under 125 min. to reach a sub- 
microscopic stage. This behavior seems 
to indicate that the inhibiting effect is due 
primarily to particles of very small size 
which would dissolve rapidly at suffi- 
ciently high temperature. If so, it can be 
readily understood why this curve ap- 
proximates the behavior of a solid solu- 
tion alloy despite the presence of the 
remaining precipitated particles of large 
size during the whole of the straight 


section of the curve. Furthermore, this 
mechanism would explain why the 
inhibiting effect is stroug even though 
very little visible precipitate is present, 
as the authors have found elsewhere. 

If this reasoning is extended further, 
the “incubation period” at low annealing 
temperatures would appear to be the 
time required for sufficient coalescence to 
take place to allow the small and effective 
particles to grow to an innocuous size. 
At higher annealing temperatures, the 
incubation period might then depend on 
a combination of the rates of solution 
and coalescence of the particles. The 
apparent anomaly that specimens con- 
taining large amounts of manganese 
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compound should have shorter incuba- 
tion periods, as noted by the authors on 
p. 14 of the paper, would thus be explain- 
able on the basis that they were in a more 
advanced stage of coalescence to begin 
with, and therefore required a shorter 
period for the coalescence to continue 
beyond the critical size range. 

The interpretation placed by the au- 
thors on the experiments to investigate 
the effect of various degrees of deforma- 
tion ascribes a very considerable effect to 
various degrees of prior reduction. How- 
ever, from Table 7, it is evident that the 
process annealing procedure varied from 
5 min. at 530°C for the samples re- 
duced 90 pct to 65 min. at 530°C for 
those rolled 20 pet. This treatment would 
therefore have resulted in increasing 
amounts of precipitated compound in 
the specimens of descending order of 
reduction. Since the final anneal was at 
625°C, which is very close to the solvus 
point for the alloy used, it does not 
appear strange to find that the specimens 
which have the greatest reductions, and 
the least precipitated compound, lose 
their restricted status the earliest, as the 
precipitate dissolves. Is it therefore not 
unlikely that the differences in process 
annealing are significant and should be 
included with differences in reduction in 
any explanation of the behavior shown in 
Fig 13 and 14? 

P. A. BECK (authors’ reply)—Mr. 
Smart-noted the initial slope of the 650°C 
line for the 1.1 pct Mn alloy in Fig 4 of 
the paper is approximately equal to the 
slope for high purity aluminum, as extra- 
polated to the same temperature from 
Fig 6 of Ref. 36. From this fact he con- 
cluded that in the Mn alloy “sufficient 
precipitate was dissolved in one minute 
at temperature to remove the inhibiting 
effect completely,’ even though com- 
pound particles were found microscopi- 
cally after much longer periods of 
annealing. This conclusion is based on the 
idea that the slope of the log D vs. log ¢ 
line represents the rate of growth. How- 
ever, as described on p. 10 of Ref. 36, this 
is not the case. For any value of D, the 


2 dD 
instantaneous rate of growth F/ depends 


on the parameter K as well as on the slope 
n. If a grain growth line is obtained for 
high purity aluminum at 650°C by extra- 
polation from Fig 5 of Ref. 36, it is easily 
seen, by comparison with the 650°C line 
of Fig 4 of the present paper, that 
_ actually the instantaneous rate of growth 
for high purity aluminum is about 200 
times larger than that for the alloy, 
compared at the same grain size. This 
suggests that the manganese compound 
particles seen under the microscope are 
in fact very effective in reducing the rate 
of growth. There appears to be at present 
little basis for the suggestion that the 
inhibiting effect is due primarily to par- 
ticles of very small size. Actually, it is 
expected that any difference in inhibiting 
effectiveness that may be ultimately 
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traced back to a particle size effect, would 
turn out to be rather small. Every indi- 
cation points to the fact that it is the 
total number of dispersed second phase 
particles that primarily determines the 
effectiveness of inhibition. It is, of course, 
obvious that if the same total amount of 
precipitate is present in the form of 
smaller particles, the effect is larger, 
simply because the number of particles is 
then larger. 

Mr. Smart is correct in observing that 
the series of specimens in Table 7, pre- 
pared for the study of the effect of in- 
creasing prior deformation, did not 
receive identical processing. The situation 
was, however, not nearly as unfavorable 
as it appears from consulting Table 7 
only. As shown in Table 3, the treatment 
previous to the varying 530°C anneals of 
Table 7 was a series of anneals at 550 and 
530°C common to all specimens. As a 
result, the differences in processing the 
specimens of series C, D, EH, F and G, had 
no significant effect on their coarsening 
characteristics. This was also shown in a 
later experiment, not included in the 
present paper, where the attempt to 
finish with the same specimen thickness 
was given up, and instead the processing 
treatment was kept constant. In this 


experiment the decrease of the incubation _ 


period with increasing reduction by roll- 
ing was confirmed. 

C. G. DUNN*—I want to congratulate 
the authors on their excellent results. 
They certainly are adding fundamental 
knowledge to grain growth processes, and 
this we need. The effect of dispersed 
phases is particularly important, I think. 
Using the authors’ term ‘‘coarsening,”’ it 
perhaps should be mentioned that phe- 
nomena other than the effect of a dis- 
persed phase can be associated with 
coarsening, particularly in fine grained 
materials where textures play an impor- 
tant role. Would the authors care to say 
something on this aspect of coarsening? 

P. A. BECK—Dr. Dunn, knowing 
about our latest results, is offering us 
here a welcome opportunity for present- 
ing them in this discussion. 

Cook and Macquairie** showed that in 
tough pitch copper two different types of 
coarsening may occur. The one type, 
which they produced by annealing at 750 
to 850°C, after about 50 pct reduction by 
cross rolling, did not occur in oxygen-free 
varieties of copper. It was recently 
found*® that this type of coarsening, 
which is characterized by fairly round 
coarse grains with irregular, “‘ragged”’ 
boundaries and small, completely en- 
closed twins (Fig 31), may be obtained in 
tough pitch copper after straight rolling, 
as well as cross rolling. It appears very 
likely that this type of coarsening de- 
pends on the presence of finely dispersed 
Cu.0 particles in the copper, and that 
it is, therefore, closely related to the 
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coarsening phenomena in Al-Mn alloys, 
described in the paper. The term ‘‘ran- 
dom coarsening”’ used in the introduction 
of the paper, is descriptive only in the 
sense that these coarse grains may lack 
any preferred orientation, and that this 
type of coarsening does not depend on 
the presence of a texture in the fine 
grained recrystallized matrix. However, 
as Shown by Bowles and Boas*¢ in a paper 
published after the present paper was 
submitted for publication, it is possible 
for the coarse grains growing in commer- 
cial aluminum (which contains dispersed 
phases) to possess a preferred orientation. 
For this reason it now seems preferable to 
describe this coarsening as “ inhibition- 
dependent” rather than “‘random.”’ 

The other type of coarsening in copper 
found by Cook and Macquairie, and 
before them by Dahl and Pawlek,?° does 
not require Cu,O particles. It may occur 
in oxygen-free copper as well as in 
tough pitch copper. What it does require, 
is a well-developed ‘‘cube texture”’ in the 
matrix, as recrystallized. In the presence 
of such a sharply defined texture the 
small recrystallized grains, most of which 
have fairly closely the same orientation, 
show great reluctance to undergo gradual 
grain growth. Copper with the ‘‘cube 


_texture’’ remains quite fine grained up to 


high temperatures. Finally at about 
1000°C. (or at a lower temperature after 
a longer period of annealing) it abruptly 
develops very large grains. Fig 32 shows 
such grains embedded in the fine grained 
matrix in which they grew. Typical of 
the coarse grains of this type is the 
presence of very long, straight twin 
boundaries, inclined at about 45° to the 
direction of rolling (Fig 33). These coarse 
grains have a well-developed preferred 
orientation, different from that of the 
fine grained matrix. The orientation re- 
lationships were recently studied by 
Bowles and Boas.‘ It was recently found 
at this laboratory that, even in high 
purity aluminum, gradual grain growth 
was practically prevented in the presence 
of a very sharply defined texture,4” re- 
gardless of the orientation with respect to 
the rolling direction. Apparently, the 
determining factor here is the similarity 
of the orientation of neighboring grains 
of the fine grained recrystallized matrix. 
When high purity aluminum with such a 
structure is annealed long enough at 
500-600°C, abrupt coarsening sets in. 
Grains many times larger than the speci- 
men thickness may be obtained by this 
mechanism. 

The views expressed in the introduc- 
tion of the present paper are thus con- 
firmed: there are at least two different 
types of coarsening, the one depending on 
a dispersed second phase, the other on the 
presence of a very well developed texture. 
The common feature of both types of 
coarsening is the suppression of the con- 
tinuous or gradual type of grain growth 
and the abrupt development of extremely 
large grains which grow by feeding 
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FIG 31—Tough pitch copper after final rolling of 50 pct and 
final anneal of 1 hr at 800°C. 


The coarse grains have rounded shapes and ragged boundaries. 
Numerous small twins are entirely surrounded by coarse grains. 


Magnification <X 5. Reduced one half in reproduction. 


FIG 33—Same copper as in Fig 31, after final rolling of 90 pct 
and final anneal of 25 min. at 1000°C. 


The appearance of this structure is dominated by the character- 


istically long, 
Reduced one half in reproduction. 


directly on the fine grained matrix. 

C. S. SMITH*—It is, perhaps, some- 
what undesirable to use the term “‘attrac- 
tion,’’ as do the authors on p. 25 of their 
paper, for the interaction between the 
grain boundary and a particle of the 
second phase. Surely, though a boundary 
will cling to an inclusion once it has met 
it, and can be retained in positions that 
involve considerable curvature, it will 
not be influenced by an inclusion at a 
distance. 

The effectiveness of such an anchor is 
relatively little dependent on the surface 
energy of the inclusion. It is essentially 
a question of geometry, for the numerical 
value of the interfacial tension of the 
boundary cancels out, being both the 
force for driving and for restraint. If the 
second phase is not rigid, it will become 
lenticulate in shape under the influence 
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straight (twin) boundaries. 


Magnification xX 5. 


of the triangle of surface forces around its 
edge, but such departures from a spheri- 
cal shape will increase the length of the 
line of contact, and hence the restraining 
force, by factors of not more than two or 
three except when the dihedral angle ap- 
proximates zero and the second phase 
spreads as a film separating the grains. 

I have come to believe strongly in the 
simple geometric theory of grain growth, 
first clearly enunciated by Harker and 
Parker. The initial contact between 
grains will produce a random network of 
surfaces and points of contact. Each in- 
ternal intersection must involve three 
grain boundary surfaces meeting along a 
line and six grain boundaries (and four 
edges shared with four grains) meeting at 
each point. If all surfaces exert the same 
surface tension they will tend to establish 
angles of 120° with each other and the 
edges will tend toward the stable “‘tetra- 
hedral”’ angle of 109°20’ with each other. 


FIG 32—Same copper as in Fig 31, cold rolled 90 pct, 
annealed 3 min. at 1000°C. 


Coarse grains in fine grained matrix. Magnification X 5. Reduced 
one half in reproduction. 


Except with ideal stacking of minimum- 
area tetrakaidecahedra (the three-dimen- 
sional equivalent of hexagons), curvatures 
are inevitably introduced to reconcile the 
required angles with the random points of 
contact and this introduces instability. 
The surfaces will then tend to move to- 
ward their centers of curvature, allowing 
further continual readjustment of the 
edges. This will proceed smoothly (at a 
rate dependent on the temperature and 
the local curvature) until more than 
three surfaces meet together at an edge 
or more than tour edges meet at a point. 
The moment this happens the system 
becomes locally highly unstable and the 
surfaces will rapidly assume new positions 
of local equilibrium. Occasionally there 
will be formed tetrahedral grains, all of 
whose sides are convex and therefore 
bound to move inwards, bringing the 
points of contact with the four neighbor- 
ing grains together in a stable balance as 
the grain disappears. Only as this hap- 
pens will the number of grains decrease 
or the average grain size increase. This is 
illustrated two-dimensionally by the ac- 
companying figures. The boundaries of 
the five-sided and four-sided grains 
shown in Fig 34A will move progressively 
toward their centers of curvature through 
the positions shown by the dotted line, 
to reach eventually approximately the 
configuration shown in the solid lines of 
Fig 34B. If the surfaces are all of equal 
energy, the moment four of them meet 
they become highly unstable, for, in 
place of the original six equilibrium angles 
of 120°, there are now two angles of 120° 
and two of 60°. The slightest disturbance 
will cause the films to seek new equilib- 
rium with a new interface forming at 
approximately 90° to the one that has 
disappeared, and there will be accom- 
panying readjustments throughout, as 
shown by the dotted lines in Fig 34B. 
The net result is that the five- and four- 


MAY 1949 


sided grains have become respectively 
four- and three-sided, with the addition 
of one side to each of two neighboring 
grains. The three-sided grain can now 
disappear completely by its sides moving 
toward their centers of curvature without 
any further instability occurring. 

If something should happen to render 
the intersection of four surfaces or five 
edges stable, further grain growth could 
not take place. The situation that nor- 
mally is followed by the most rapid 
motion now constitutes a complete block. 
Such an obstacle can be caused either by 
inclusions (where the requirement is only 
that all boundaries meet its surface at 
90°) or by the grain boundary energy 
differing from boundary to boundary. In 
a single-phase alloy, although the energy 
is clearly not highly sensitive to orienta- 
tion over most of the range of mismatch, 
it is likely—in fact, the recent experi- 
ments of Dr. C. G. Dunn make it certain 
—that in the range of slight mismatch 
there is a high dependence on orientation. 
Consider the grains shown in Fig 34B 
with the four interfaces momentarily 
meeting at a point. This is unstable if the 
‘four interfaces and the new interface that 
must be produced all have equal energies. 
If, on the other hand, the new interface 
(the horizontal one in the figure) should 
have a higher interfacial tension than the 
resultant of the other four tensions in its 
direction (that is, if it has a value greater 
than the diagonal of the polygon of forces 
they produce) the four films will be 
quite stable in contact with each other, 
unless and until movement of other parts 
of the boundary allows changes: of the 


local angles to such an extent that the. 


above_criterion is no longer true: Such 
four-grain corners are frequently seen in 
two-phase structures (for example in the 
case of alpha-beta brass, where the grain 
boundary between two alpha grains has 
about 1.3 times the energy of the other 
possible interfaces) and it can occasion- 
ally be found in normal single-phase 
polycrystalline metals, particularly if the 
metal possesses a high degree of preferred 
orientation. The formation of these stable 
points can completely stop grain growth 
unless the grain size is extremely small 
and the curvatures high. Such a blocked 
network of grain boundaries will be quite 
stable on indefinite annealing unless some 
other action sets in to release it, where- 
upon—if it occurs locally—one grain may 
become much larger than its neighbors 
and continue to grow, for a former block 
will no longer be effective against the 
new, high, local curvatures. This sudden 
removal of a block could occur if it were 
possible for grains to change their orienta- 
tion under the influence of surface forces 
(or if orientation changes as a result of 
local plastic deformation or new nucleus 
formation), with resultant change of 
interface energy and upsetting of the 
local force-polygon. If blocking is due to 
inclusions, the solution of the finest par- 
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ticles would have a similar effect. In 
either case, some grains would become 
considerably larger than their neighbors, 
the effective negative curvature of their 
boundaries larger, and thereafter their 
boundaries would progress continually 
and at a more or less constant rate into 
the network of smaller grains in which 
motion remains blocked. This will con- 
tinue until the growing grain encounters 
another one of the same type. The 
frequency of nucleation will determine 
whether the grains are only a little 
larger, as in the case of abnormal grain 
growth in steels, or enormously larger, as 
in the general case of ‘“‘secondary 
recrystallization.”’ 

In addition to blocking at a point by 
inclusions or by the necessity for the for- 
mation of a high-energy interface, it is 
also possible for a grain boundary to be 
blocked away from an intersection by 
inclusions, or by surface forces alone if 
the boundary, moving toward its equi- 
librium position, has to change its angle 
and pass through a minimum energy 
direction in relation to the two lattices 
that it divides. Unless the curvature is 
great enough to overcome this, the 
boundary will have a definite tendency to 
“hang’’ along certain preferred direc- 
tions between the two crystals. In prac- 
tice it is probable that the stopping of 
grain growth is due to a combination of 
all these factors. It does seem to be a fact 
that “‘secondary recrystallization”’ occurs 
only in material that has substantially 
ceased growing in the normal fashion. It 
is an interesting speculation as to whether 
primary recrystallization is also a re- 
sult of a somewhat similar: reaction tak- 
ing place im a much: finer network of 
interfaces. 

‘Although a phenomenon as complex as 
grain growth clearly cannot be the result 
of a simple system of causes, it is never- 
theless possible to account for many of 
the observations on the simple basis of 
the geometry that would result from 
various interfaces interacting in accord- 
ance with the principles enunciated by 
Plateau, Gibbs, and others in the nine- 
teenth century. 

P. A. BECK—Dr. Smith’s interesting 
contribution to the discussion is much 
appreciated. In the absence of plastic 
deformation, grain boundary migration in 
pure metals, resulting in a gradual in- 
crease in the average grain size, is un- 
doubtedly motivated by the interfacial 
tension connected with the grain bound- 
aries. This view was clearly expressed by 
H. Althertum4® about 25 years ago. The 
detailed theory of the geometry of grain 
boundary migration, as stated by Dr. 
Smith, was developed more recently by 
Harker and Parker.*? Although the latter 
authors used an atomistic terminology, it 
has been certainly quite clear that they 
investigated the behavior of grain 
boundaries in single phase metals under 
the influence of what is phenomenologi- 


FIG 34—Tracings of 
illustrating idealized shapes and adjustment 
of grain boundaries moving under the in- 
fluence of surface tension. 


soap bubbles 


cally described as surface tension forces. 
Their considerations are, in the main, 
doubtless correct, but require two correc- 
tions. First, the relative lattice orienta- 
tion of neighboring grains affects the 
value of the interfacial tension.5° This 
brings about large deviations of the 


equilibrium dihedral angles from 120°, 


depending: on the orientation. Also, it is 
becoming increasingly clear that the 
simple :surface-tension theory of grain 
growth needs to be completed by con- 
sideration of the effects of orientation, 
probably even beyond those just men- 
tioned. Secondly, although the grain 
boundary movements serve the tendency 
to approximate equilibrium angles and 
straight boundary surfaces, the devia- | 
tions and irregularities are nevertheless 
self-perpetuating. Stable grain boundary 
geometry is thus not actually reached 
through grain growth, as was originally 
postulated by Harker and Parker. It was 
clearly shown by recent isothermal grain 
growth studies with high purity alumi- 
num? that grain growth continues until 
stopped by the outside surfaces of the 
specimen. 

It is gratifying that Dr. Smith agrees 
with the view set forth in the present 
paper, that coarsening is motivated by 
essentially the same forces that produce 
gradual grain growth. Whether the 
coarsening results in the formation of 
grains only ten to a hundred times larger 
than the fine grains of the matrix, as in 
steels, or 103 to 104 times larger, as it does 
under certain conditions in copper, the 
process is always actuated by surface 
tension, modified by the requirements of 
orientation. Terms like “‘abnormal grain 
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growth’? and ‘‘secondary recrystalliza- 
tion,’’ which were somewhat discredited 
by ambiguous usage, tend to confuse this 
picture. 

As described in the paper, inhibition- 
dependent coarsening is a type of grain 
erowth that starts at isolated points in a 
fine grained structure, after general 
gradual grain growth had been halted by 
the inhibitive effect of a dispersed second 
phase. In the examples described, the 
inhibition was locally overcome by the 
re-solution and coalescence of particles 
of the dispersed phase. Once a certain 
grain, through favorable local conditions, 
succeeded in growing considerably larger 
than its fellows, it will continue to grow 
with relative ease.at the expense of 
neighboring small grains. This effect of 
‘‘ rain size contrast’”’ was found long ago 
by Z. Jeffries.1»? 

It should be emphasized here that the 
above outlined mechanism for coarsening 
does not require any preferred orientation 
of the small grains of the matrix. Neither 
could it conceivably lead to a preferred 
orientation of the coarse grains formed 
from a random matrix. However, the 
mechanism considered may be still opera- 
tive if the fine grains of the recrystallized 
matrix did possess a certain amount of 
preferred orientation. In such a case, it 
would be expected that all grains which 
happened to have local conditions of in- 
hibition favorable for growth would 
not be, in general, equally likely to 
grow. Those having a_ particularly 
favorable orientation relative to their 
neighbors will be preferred. Thus the 
presence of a preferred orientation in the 
fine grained recrystallized matrix leads to 
a preferred orientation of the ‘coarse 
grains. This condition is simply a result 
of the dependence of the rate of growth of 
a grain upon its orientation with respect 
to the preferred orientation of its neigh- 
bors. There is no need to assume the 
formation of ‘nuclei’ of a certain 
orientation, or to postulate that residual 
portions of the deformed structure re- 
main to serve as nuclei after surviving 
recrystallization, general grain growth 
and long periods of recovery at high 
temperatures. 

Although preferred orientation of the 
coarse grains may occur in inhibition- 
dependent coarsening, it is by no means a 
necessary condition. On the other hand, 
in the case of terture-dependent coarsening, 
as explained above in the answer to Dr. 
Dunn, the fine grained recrystallized 
matrix must have a sharply defined tex- 
ture in order to restrain gradual grain 
growth; therefore, the coarse grains 
growing in this highly oriented matrix 
have, of necessity, a preferred orientation 
of their own. The specific mechanism pro- 
posed by Dr. Smith for the restraint of 
gradual grain growth in a fine grained 
metal with a strong texture, is interesting. 
Whether or not it actually accounts for 
the observed facts remains to be estab- 
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lished by further research. 

J. P. NIELSEN*—Referring to Dr. 
Smith’s discussion on interfacial energies 
between grains not identically oriented, 
I wonder if, in the case of close-packed 
hexagonal metals, a new and perhaps 
important factor does not also enter into 
the picture: the difference in thermal ex- 
pansion coefficients between two adjacent 
grains at the surface contact. Such a fac- 
tor would depend of course on the in- 
crease in temperature above that at which 
the metal is completely relaxed. 

Cc. G. DUNN—In the low range of 
orientation differences, I believe we 
actually need more data. This work on 
grain boundary surface tensions, which I 
hope to report at the next meeting of the 
Institute, actually was somewhat ex- 
ploratory in nature. The groups of crys- 
tals investigated—each a _ three-grain 
eroup as was described in a technical 
note®1—had crystals with a (110) plane 
in the plane of the sheet. The only varia- 
ble, therefore, was the direction of the 
cube edge in the plane of the specimen. 

Since the orientations were controlled, 
it was possible to have two grains in each 
three-grain group with the same differ- 
ence in orientation. An arbitrary value of 
15 was used. With this common orienta- 
tion difference providing communication 
between groups, an entire range of orien- 
tation differences could be investigated. 

Omitting a description of the entire 
curve, the shape of the curve indicated 
values of surface tension at orientation 
differences of 6 to 8° that were about one 
half the maximum value. The shape of 
the curve in this range of orientation 
differences is important to the under- 
standing of strong texture materials such 
as copper and nickel-iron with the ‘‘cube 
texture.” Strong texture materials should 
have less grain boundary energy than 
weak texture materials with the same 
average grain size. 

So much for the surface tension meas- 
urements. I would like to say something 
about orientation relations as a factor in 
growth processes. First, there is the well 
known principle that a difference in ori- 
entation is required for growth. Secondly, 
certain orientation relationships, as for 
example twins, appear to be less favorable 
than other orientation relationships for 
growth. 

With orientation relationships in mind 
let us consider the behavior of fine 
grained copper or nickel-iron with a 
strong cube texture. What grows in these 
materials by coarsening or secondary 
recrystallization always has an orienta- 
tion which is different from that of the 
cube texture. Pawlek in 1935 reported 
that the orientation of the large grains in 
nickel-iron were as follows: a (120) plane 
in the plane of the sheet and a [001] di- 
rection parallel with the rolling direction. 
Similar results have been reported for 
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copper but there are also other textures. 
Omitting twin orientations (actually 
appreciable material is present as twins 
in the large grains) there are still many 
definite preferred orientations remaining. 
From symmetry they can be reduced in 
number and classified in relation to the 
cube texture. All fall 20 to 30° away from 
the cube texture. One orientation rela- 
tionship reported recently by Bowles and 
Boas in Australia has a (111) plane com- 
mon with the cube texture. 

If we call coarsening of the grain 
structure, starting with a strong texture 
fine grain matrix, as ‘“strong-texture 
dependent coarsening’? in contrast to 
‘dispersed phase inhibited coarsening,” 
we still need another type designation to 
describe the case of development of the 
strong (110) [001] texture in silicon iron.* 
Unlike copper and nickel-iron, the final 
large grained silicon iron sheet, to which 
I have reference, has a strong single tex- 
ture. Furthermore, the large grains do 
not have any unusual characteristic 
shapes or shapes with straight boundaries 
as Professor Beck pointed out is the case 
for oriented coarsening in copper and 
nickel-iron. The prior fine grained mate- 
rial in the as-recrystallized condition does 
not have a strong single texture as does 
the copper or nickel-iron examples but 
has a rather weak texture composed 
probably of two or more weak preferred 
crystal orientations. The development of 
large grains in silicon iron, therefore, is 
quite different from the development of 
large grains in materials having the cube 
texture. Nevertheless, I think it could be 
classified also as “‘texture-dependent”’ 
but certainly not as “strong-texture 
dependent.”’ 

P. A. BECK—Dr. Dunn’s results, and 
his method for determining interfacial 
energy as a function of the relative ori- 
entation of the adjoining grains are 
indeed very interesting and pertinent to 
the questions discussed. We have also 
noted the fact, referred to by him, that 
the preferred orientation of the coarse 
grains usually deviates about 20 to 30° 
from the preferred orientation of the 
fine grained matrix. It would be interest- 
ing to speculate on the possible causes of 
preferential growth with an orientation 
difference of this particular range. 

On the basis of information now avail- 
able to us concerning the coarsening in 
silicon-iron, it appears that this is not of 
the “‘texture-dependent” type. It may 
be suspected, however, that it depends 
on inhibition by at least one dispersed 
second phase. With a complex material of 
commercial purity, which probably con- 
tains several dispersed phases, the exact 
role of each is difficult to ascertain. But 
it seems that the dispersed manganese 
sulphide, which is removed during 
annealing, may have an important role 
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Metals’? under the subject “ Recrystallization 
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in the process. It was shown recently®2 
that under certain conditions nitrogen 
(perhaps in the form of dispersed alumi- 
num nitride particles) may provide so 
much additional inhibition that coarsen- 
ing is prevented altogether. The role of 
the much smaller amount of nitrogen 
normally present in silicon ferrite has not 
yet been clarified. Possibly, the coarsen- 
ing reaction depends on the combination 
of two or more inhibitors, in analogy to 
the double inhibitor used with tungsten, 
as described in the Introduction of the 
present paper. In this connection it should 
be mentioned that, in the method most 
generally used for the manufacture of 
coarse grained tungsten filaments, the 
inhibitor used is potassium silicate. Most 
of this inhibitor evaperates during the 
first heating of the filament, while the 
coarse grains are formed. However, a 
portion of it remains in the filament. 
Here, too, the situation is quite similar 
to that described in the paper for the 
coarsening of Al-Mn alloys. As explained 
above in the answer to Dr. Smith’s dis- 
cussion, preferred orientation of the 
coarse grains may occur under conditions 

“of inhibition-dependent coarsening, so 
that the phenomena in silicon-iron do not 
appear to necessitate a separate class of 
coarsening. 

J. E. BURKE*—The authors have 
presented an excellent paper and have 
demonstrated very clearly the importance 
of growth inhibiting dispersed phase in 
promoting the appearance of very coarse 
grains. I should like to present a partial 
explanation of the role of the inhibiting 
phase. As Zener has shown, and as the 
authors demonstrate in this paper, there 
is a definite relationship between the 
concentration of the inhibiting con- 
stituent, and the limiting grain size, 
or limiting boundary curvature. Grain 
growth will cease when the driving force 
for grain growth, the curvature of the 
grain boundaries, is just balanced by 
the inhibiting effect of second phase 
inclusions. 

Now, considering the situation in two 
dimensions, all grains are composed of 
sides and corners, and at the corners 
three boundaries usually meet at angles 
of about 120°. If all the grains have six 
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sides, the sides also can be flat, and as 
Harker and Parker*? showed, there will 
be no tendency for grain growth. If the 
boundaries always meet at corners at 
angles of 120°, the curvature of the faces 
will increase as the number of sides on a 
grain increases, being concave outwards 
for more sides than six and concave in- 
wards for less sides than six. In a reason- 
ably uniform aggregate of grains, the 
number of sides on grains will vary from 
three to about eight or nine. In these 
cases, no very large curvatures are en- 
countered. If now, due to some fluctua- 
tion, a much larger grain is produced, it 
will have many sides, being bounded by 
small grains. These sides will have more 
pronounced curvatures than those of 
more or less uniform grains. Thus, the 
amount of second phase impurity that 
inhibits the migration of grain boundaries 
in the uniform matrix will be insufficient 
to prevent the migration of the boundary 
between the larger grain and its smaller 
neighbors, and the large grain will con- 
sume its smaller neighbors. The rate of 
migration of this boundary is presumably 
proportional to the curvature of the indi- 
vidual curved sections. Since this is con- 
trolled almost entirely by the size of the 
small grains, the boundary should migrate 
at a uniform rate. Furthermore, the large 
grain will continue to grow until the small 
grains are entirely consumed, and it con- 
tacts another large grain. Growth will 
then stop. The ultimate grain size will 
thus be controlled solely by the number 
of large grains that appear. 

This argument does not explain the 
nature of the fluctuation that leads to the 
appearance of the initial large grains. It 
could result from the local disappearance 
of a few inclusions, as the authors suggest, 
which would permit the local appearance 
of a very coarse grain. Any other cause 
for producing a large grain should lead 
to the same final sequence of events. 

P. A. BECK—Dr. Burke gave a clearly 
formulated picture of the conditions of 
preferential growth of a large grain in a 
fine grained matrix (Jeffries’ grain size 
contrast effect) in terms of the Harker- 
Parker mechanism. This picture is en- 
tirely in accord with our own thoughts 
on the subject, provided the fine grained 
matrix has no preferred orientation. 
When this preferred orientation is not 


negligible, however, the picture needs to 
be supplemented by a mechanism which 
provides the strong dependence of the 
rate of growth of the large grain on its 
relative orientation with respect to its 
neighbors, as stated above. The exact 
nature of that mechanism is not yet 
completely clear. 
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| Statistical Rate Theory of Metals—I. Mechanism 
of Flow and Application to Tensile Properties 


By JAY W. FREDRICKSON and HENRY EYRING 


DISCUSSION 
(G. Gensamer and W. R. Hibbard Jr., 
: presiding) 
G. WENSCH*—The authors have 
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further advanced the basic fundamentals 
in the science of rheology. Upon the 
teachings of Bingham, Scott Blair, 
Houwink, and others we are approaching 
the solution of the inelastic behavior of 
metals. 


In consideration of Fig 10, as the 
authors point out, the stress-strain curve 
follows line MF even after interruptions 
provided that relaxation effects do not 
occur. However if relaxation effects do 
occur, such that the behavior of the metal 
is inconsistent with the concept of an 
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FIG 24—Analysis of Dushman's data after Ref. 43. 


equation of state, transient phenomena 
will appear as clearly shown by the work 
of Carreker, Leschen and Lubahn.?2 

ks W. C. ELLIS*—The authors in this 


paper have advanced a theory for plastic. 


flow in metals which involves the transla- 
tion of relatively small flow units or 
domains into existing holes made up of a 
number of adjacent unoccupied lattice 
sites. From the mathematical analysis of 
the stress-strain curves for a number of 
steels they have calculated an average 
value for the hole involved in flow. A 
range of values was found which group 
around about 200A? at room temperature. 
This volume corresponds to about 8 unit 
lattice cells which is a large hole in an 
atomic universe but a small one in rela- 
tion to available measuring tools such as 
the electron microscope. 

The mathematical analysis, by itself, 
seems to be merely suggestive and con- 
stitutes no proof of the physical existence 
of such holes, and it should be added that 
the authors do not contend that it does. 
Explicit evidence for the existence of 
such holes, if they be a reality, would be 
welcome for it would provide a firm 
foundation for a mechanism of plastic 
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flow, a foundation which does not exist, 
in my opinion, for any of the present 
theories. I would therefore like to ask if 
there is a method, or prospect of develop- 
ing methods, of arriving explicitly at the 
physical reality of such holes in metallic 
structure. This paper is a valuable one 
in that it presents a new concept. and it is 
hoped that investigation along this line 
will be continued. 

C. ZENER* and T. S. KE*—The 
authors conclude that the heat of activa- 
tion AH* for the elementary act of plastic 
flow is essentially zero, and hence, that 
the free energy of activation AF* is 
entirely an entropy effect. This conclu- 
sion, if correct, must form the starting 
point for any further development of the 
theory of plastic deformation. It is of 
utmost importance that their underlying 
assumptions be carefully scrutinized to 
see if this conclusion of a zero AH* could 
possibly arise simply as a consequence 
of an artificial assumption. 

The authors assume that the rate of an 
elementary flow process depends upon 
the applied stress S in the manner: 
rate ~ e~ (AF #*/kT) {eVS/kT) _ e—VS/kT} [49] 
where the free energy of activation AF* 
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and the volume V may depend upon the 
temperature but not upon the applied 
stress. Now one of the most characteristic 
features of crystalline plasticity, as op- 
posed to amorphous plasticity, is the 
relative insensitivity of the flow stress S 
to changes in temperature. Thus by pass- 
ing from room temperature to 1°K the 
flow stress corresponding to a given strain 
rate is increased by, at most, a factor of 
five. The assumption (Eq 42) is com- 
patible with this characteristic fracture 
of crystalline plasticity only if both the 
ratios V/T and AF*/T are relatively in- 
sensitive to changes in temperature. A 
zero heat of activation AH* then follows 
from the constancy of the ratio AF*/T. 
The conclusion of the authors that the 
free energy of activation is essentially an 
entropy effect is, therefore, a direct 
consequence of the assumption (Eq 42). 

In writing Eq 42 one implicity assumes 
that the heat of activation Q of an ele- 
mentary flow process is a linear function 
of the applied stress S. One of the writers 
(C. Z.)43 has, in collaboration with J. H. 
Hollomon, shown that the extensive 
creep data of Dushman, Dunbar and 
Huthstein!® may most readily be inter- 
preted through a relaxation of this 
assumption, that is, by regarding the 
heat of activation as a function Q(S), the 
precise form of which is to be determined 
by experiment. Thus, in place of Eq 42 
one has 

rate ~ (e~@S/kT — e-Q-)/kT)_ [43] 
The example of Q(S) for pure aluminum 
is presented as Fig 24. Fisher and Mac- 
Gregor,?8 whose data have been analyzed 
by Fredrickson and Eyring according to 
Eq 42, showed that their own data were 
consistent with Eq 43. 

The present writers wish to ask Messrs. 
Fredrickson and Eyring if their physical 
picture of plastic flow necessarily de- 
mands a rate dependence containing the 
applied stress to the first power in the 
exponent, as in Eq 42, and whether a 
relaxation of this condition of an ex- 
ponent linear in stress would not drasti- 
cally modify their conclusions. They 
further wish to point out to Messrs. 
Fredrickson and Eyring that creep data 
at very low stress levels is not in agree- 
ment with the conclusion of a zero heat 
of activation. Such data have been 
analyzed by Kanter*4 who found that at 
those low stress levels where the creep 
rate is proportional to the stress itself, 
the creep rates for iron and for brass have 
heats of activation comparable to those 
for self diffusion. 

J. W. FREDRICKSON and H. 
EYRING (authors’ reply)—The authors 
wish to extend their appreciation for the 
interest shown in this paper. 

The transient phenomena mentioned 
by Mr. Wensch has been observed*® by 
the senior author in a subsequent investi- 
gation. A continuation of these transient 
investigations promises to enlighten us 
further on the flow mechanism. 
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The question proposed by Mr. Ellis 
regarding the physical reality of “flow 
holes”? in a metallic structure is a very 
intriguing problem and deserves serious 
consideration. As is emphasized by Mr. 
Ellis, the authors have not established 
the physical existence of such holes. It 
does seem to be a reasonable assumption 
however, that in order for flow to occur 
by the movement of domains these do- 
mains must be provided with a space to 
occupy in their new positions. A mecha- 
nism for flow has been explained by some 
theories through the operation of disloca- 
tions. It is not our wish to enter into a dis- 
cussion at present as to the difference 
between a “dislocation,” ‘‘imperfec- 
tion” or “hole.” It suffices to say that 
some medium is apparently required to 
explain flow and the medium of holes has 
been used in this paper to provide the 
mechanism for flow. If one assumes that 
the size of the domain that moves is an 
inverse function of the applied stress, as 
appears to be the case, then the mecha- 
nism of flow could also occur by the 
creation of holes or new ‘“‘home sites”’ by 
the domain itself as it moves. 

At present there is apparently no 
method of determining explicitly the 
physical existence of holes in metallic 
structures. As Mr. Ellis suggests, the 
development of such _a method would 
contribute greatly to the knowledge of 
flow-in- metals. It is the authors’ belief 
that such a determination can be secured 
by the methods of statistical mechanics 
and further work is being directed toward 
this end. 

Messrs. Zener and Ké have presented 
a very interesting and thoughtful dis- 
cussion. The points introduced in this 
discussion are well taken and merit con- 
sideration not only by the authors but by 
others interested in flow mechanisms. 

The rate equation for the elementary 
flow process shown as Eq 42 in the dis- 
cussion was developed after careful con- 
sideration of various flow processes occur- 
ing in solid materials including that of 
viscous flow. The fact that the apparent 
heat of activation AH* for flow was 
essentially zero, and thus the free energy 
of activation AF* was entirely an 
apparent entropy effect, was a direct 
consequence of the application of the 
elementary rate equations to metallic 
deformation. That this result might possi- 
bly have occurred by the use of some 
other assumption can not be categorically 
denied. But first, let us examine the 
equation a little more closely. 

If in Eq 42 VS > kT we have 
_ar* VS 
potted eet, [44] 
and the equation gives the same type of 
exponential dependence of rate on stress 
that is found empirically. On the other 
hand if VS < kT, one has approximate 
proportionality of the rate to the stress as 
in viscous liquids and as shown by 
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FIG 25—(a) (above) Curves showing AF*/T vs. temperature 
relationship. (b) (below) Curves showing V;,/T vs. tempera- 


ture relationship. 


If one rewrites Eq 44 in the form 

AF* V 
RT a BS) RT [45] 
the stress is shown as a function of the 
logarithm of the rate. Eq 45 is clearly 
seen to fit the curves of Fig 24.48 

A further analysis of the data in the 
paper shows that AF*/T and V;/T are 
relatively insensitive to changes in tem- 
perature, as was deduced by Messrs. 
Zener and Ké. Fig 25, representing Fig 2 
and 3 from this analysis, shows the re- 
lationship of AF*/T and V;/T as a func- 
tion of T.4¢ 

It has been determined by the senior 
author in a separate subsequent investi- 
gation of creep*® that both the free energy 


In rate ~ 


of activation AF* and the hole volume Vj 
are inversely dependent upon the applied 
stress. Because of this stress dependency, 
one must be careful in making an analysis 
that the underlying mechanism does not 
change within the stress range. 

One may well consider that the mecha- 
nism of flow occurs by the process of self- 
diffusion in that at equilibrium the 
energy barriers that must be crossed are 
sufficiently high to prevent flow, or con- 
versely, the probability for flow in any 
one direction is as likely as in any other 
and therefore flow will not occur without 
a directed driving force. The action of the 
applied stress is to provide the driving 
force for flow by raising and lowering the 
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equilibrium positions on each side of the 
energy barrier as depicted by Fig 2. Thus, 
if the barriers are lowered in a preferred 
direction by some means, flow can occur 
by self-diffusion of domains across the 
barrier. 

Messers. Zener and Kz have proposed 
a rate equation as shown by Eq 43. It 
appears that in order for this equation to 
fit the curves shown in Fig 24 the param- 
eter Q must be some linear function of 
stress. If Q is some linear function of the 
stress, then Eq 42 and 43 differ only in 
the definitions of the exponents. Deter- 


mining which equation is the more correct 
will require further investigation. It is 
the belief of the authors that the amount 
of data so far analyzed has been too 
meager to be used as a definite criterion 
to determine the nature of the parameters 
in the equation. In any event it is gratify- 
ing that separate investigations do pro- 
duce such qualitative agreement. 
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Nucleation of Slip Bands 


By J. G. LESCHEN, Junior Member, R. P. CARREKER, and J. H. HOLLOMON, Junior Member AIME 


and 


Transient Plastic Deformation 
By R. P. CARREKER, J. G. LESCHEN, Junior Member AIME, and J. D. LUBAHN 


JOINT DISCUSSION 
(G. Gensamer and W. R. Hibbard, Jr., 
presiding) 

G. WENSCH*—Messrs.  Carreker, 
Leschen and Lubahn are to be congratu- 
lated on their excellent paper “‘ Transient 
Plastic Deformation.”’ As the authors 
correctly point out little thought has been 
given to transient phenomena in metal- 
lurgical experimentation; however, con- 
siderable effort has been made to analyze 
the rheological behavior of solids by 
mathematical treatment. 

By the proper combination of visco- 
elastic models such as the Maxwell and 
Kelvin bodies one can imitate many of 
the observed behaviors in metals, such as 
the elastic after-effect, yield point and the 
transient behavior.”8 

With a slight modification of the visco- 
elastic model system given by Burgers? 
one can obtain a generalized strain-time 
curve similar to that of Fig 2 in the 
above-mentioned paper. By the proper 
evaluation of the constants of viscosity 
and elasticity the two curves would 
probably be unique. The writer submits 
a sketch of a visco-elastic model which 
would exhibit generalized transient be- 
havior, see Fig 9. 

The solution of the differential equa- 
tion of the model is: 


t 
12 = 4: [, Pat 


t 
+ de i: P(t,) e~ te) ?2/u dt 


wie e— el On <a ba ty 
r= ¢1 tP,; +a QP a-e /%) 


pe ep Shp, 
2 


Bi when P = P2t; < t < fe 


* International Nickel Co. Graduate Fellow in 
Metallurgical Engineering, University of Illinois. 
7,8 References are at the end of discussion. 
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FIG 9—Rheological model which dem- 


onstrates transient behavior. 
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By proper evaluation of the constants 
o1, $2 and a, the strain x may be 
plotted versus the time ¢ to give a curve 
similar to the upper curve of Fig 2 in 

paper discussed. (Fig 10). 

Perhaps the authors can be induced to 
comment on visco-elastic model analysis 
as a means of interpreting transient 
behavior. 

It appears that the authors did not 


account for the change in the cross-sec- 
tional area of the wire which occurred 
during their investigation. Did the au- 
thors find this area reduction to be 
negligible? 

J. G. LESCHEN (authors’ reply)— 
With a suitable combination of springs 
and dash-pots one can undoubtedly re- 
produce many experimental results. The 
authors prefer not to depend too much on 
this sort of model since they feel that in 
many cases it does not represent ade- 
quately any real mechanism in the metal. 
However, this type of model is frequently 
of considerable value. 

In the initial experiments no account 
was taken of the change in cross-sectional 
areas of the wires, since the reduction was 
negligible. In the experiments with which 
the sigmoidal curve was determined, the 
stress was automatically maintained con- 
stant by the device described by Fisher 
and Carreker.1° 

R. MADDIN* and W. R. HIBBARD, 
JR.*—The very interesting study of the 
dynamics of slip bands is a welcome addi- 
tion towards the general solution of the 
problem of plastic deformation of metallic 
single crystals. There are two points 
which should be considered in light of 
recent experiments conducted at Ham- 
mond Laboratory. 

In conjunction with Professor Henry 
A Lepper, Jr. (Department of Civil 
Engineering, Yale University), a single 
crystal of alpha brass 37 mm in diam was 
slit into 6 square crystals 180 mm long by 
3.6, 4, 5.2, 7, 7.9 and 13 mm on the edge, 
respectively. Each crystal was etched to 
remove cold-work, homogenized for 20 
hr at 800°C, polished electrolytically and 
X rayed via the back reflection method to 
insure that the machining operation left 
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the orientation unchanged. An SR-4 
strain gauge, type A-1, was glued on each 
specimen and the crystals were stressed 
to just beyond the yield point. The slip 
limes were counted on four of the speci- 
mens (too much glue on the remaining 
two specimens obscured the lines). The 
largest specimen showed a total of 70 
lines observable at a magnification of 600 
diam along a 150 mm gauge length 
whereas the smallest crystal showed over 
8000 lines observable at 600 for a 25 
mm (only 4 of gauge length). The num- 
ber of lines on the other crystals was 
intermediate between those for the two 
extreme sizes and decreased with increas- 
ing size of the specimen. These prelimi- 
nary results of this investigation, which is 
still in progress, have thus far produced 
experimental evidence which is not in 
accord with the statements made by the 
authors on p. 3 of their paper, ‘‘ Nuclea- 
tion of Slip Bands.” 

In the investigation of Ono quoted by 
the authors, two variables existed, 
namely, specimen diameter and orienta- 
tion. Recent work being conducted at 
Hammond indicates that alpha brass 
single crystals of the same diameter 
pulled in tension under similar conditions 
but with differing orientations, when re- 
ferred in the usual manner to the princi- 
pal [111] plane in the principal <110> 
direction, give values for critical resolved 
shear stress too widely separated to be 
accounted for by experimental inac- 
curacies. Thus, variations in crystal ori- 
entations might account for Ono’s 
differing critical resolved shear stress val- 
ues. Furthermore, the curves redrawn 
from Ono in Fig 3 represent resolved 
shear stresses at shear equal to 4 X 1075 
and shear equal to 100 X 107° rather 
than a true critical resolved shear stress. 
The curve representing the resolved shear 
stress at shear equal to 0 (that is, the 
critical resolved shear stress) does not 
show so marked a downward trend and 
the data points deviate from the drawn 
curve making them difficult to generalize. 
It is also possible that the downward 
trend in Ono’s curves and those redrawn 
in Fig 3 of the current paper might con- 
ceivably be rationalized on the basis of a 
variation of rate of strain hardening as a 
function of specimen diameter. 

J. G. LESCHEN—We now realize our 
error in including in the present paper the 
curves from Ono and admit that they 
~ should be interpreted with caution. 

However, a size effect is still to be 
expected. It should be a more compli- 
cated one than the present paper indi- 
cates, since the displacement per slip 
band 6 and the number of slip bands NV 
per unit length of specimen should also 
be considered. For example, if one as- 
sumes that the formation of a slip band 
in a specimen of diameter D relieves all 
the elastic energy stored in an approxi- 
mate volume D3, 6 should vary as the 
product 7D where r is the stress at which 
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FIG 10—Schematic strain-time curve. 


the slip band started. The observed 
strain would then vary as N7D. 

Now as I understand these experiments 
with brass crystals, the specimens were 
pulled to a constant strain and then the 
number of slip bands counted. Is that 
correct) 

R. MADDIN—Relatively. 

J. G. LESCHEN—Constant strain re- 
quires the product 7D to be approxi- 
mately constant. This requirement is 
consistent with the observations of 
Messrs. Maddin and Hibbard that N 
decreases with increasing D. It is difficult 
to say how 7 should vary under these 
circumstances, and a report of any such 
variation in these experiments would be 
very interesting. The situation is further 
complicated by the likelihood that all the 
slip bands did not start at the same 
stress. 

L. D. JAFFE*—The theory outlined 
by the authors is obviously worthy of 
most careful consideration, especially in 
view of its successful prediction of certain 
transient effects. I should like, however, 
to confine my remarks to Fig 4 of the 
paper, “Nucleation of Slip Bands,” and 
the text pertaining to this figure. 

The authors explain the portion of the 
observed yield strength vs. T~“ curve 
that represents a straight line through 
the origin (Fig 4) on the basis of the first 
exponential in Eq 3. They attribute the 
deviation at higher temperatures to the 
influence of the second exponential and 
to decrease in the modulus G. However, 
the second exponent differs from the first 
simply by a factor of 2. A brief calcula- 
tion shows that even if the whole varia- 
tion in yield strength with temperature 
were attributed to the second exponential, 
the slope would be increased by a factor 
of 2%, or only 19 pct. The observed 
increase, according to Fig 4, is obviously 
very much greater than this. Thus, the 
second exponential of Eq 3 is of little 
help in accounting for the change in 
slope. Do the authors, therefore, believe 
that the deviation observed is primarily 
due to decrease in the modulus? 
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W. C. ELLIS*—Jay Fredrickson in 
our Laboratories has conducted creep 
tests similar to those for which Carreker, 
Leschen and Lubahn report the results in 
Fig 2 of their paper, “‘Transient Plastic 
Defocmation.’’ These tests were made on 
high purity lead with tensile specimens of 
rectangular cross-section, approximately 
0.500 X 0.100 in. The strain rate curves 
as a function of time were similar to that 
shown in Fig 2 including the high rate of 
strain on initial application of stress de- 
creasing slowly with time to a nearly 
constant rate. When the stress level was 
decreased the strain rate became zero for 
some time and then increased gradually 
to a nearly constant rate smaller than 
that for the initially higher stress. These 
are qualitatively the same transient effect 
as reported by the authors and would fol- 
low from the relationships developed in 
the companion paper, ‘‘Nucleation in 
Slip Bands.”’ 

The energy relationships which the ex- 
perimental evidence qualitatively con- 
firms were developed from the concept 
of nucleation in slip bands and the ex- 
perimental findings are therefore quali- 
tatively consistent with the nucleation 
concepts, as the authors. have stated. 
There is a tendency when such an agree- 
ment is found between experimental data 
and a postulated mechanism to go further 
and to consider that the consistency ob- 
served points to a high probability for the 
physical reality of the mechanism. 

There is a question, however, of 
whether a postulated mechanism, such as 
this, can be said to be unique from con- 
firmation by property relationships alone, 
when such relationships might conceiva- 
bly arise from other physical mechanisms. 
I would like, therefore, to ask Mr. 
Leschen to discuss this in more detail. 
How strongly do the experimental find- 
ings point to nucleation in slip bands as a 
part of the physical mechanism of flow in 
metals? 

J. G. LESCHEN—Thank you, Dr. 
Ellis. I am glad to learn that someone 
else has performed this sort of experi- 


* Bell Telephone Laboratories. 


Metals Transactions, Vol. 185... 319 


ment and obtained similar results. 

I should like to emphasize that the 
present papers are not primarily con- 
cerned with the physical mechanism of 
slip. They simply seek to determine 
whether or not the nucleation concepts 
are applicable to the slip process. The 
results of the experiments indicate that 
slip bands do behave like anything else 
that is nucleated. Nucleation concepts 
should therefore be applicable to any 
mechanism of slip, whether that mecha- 
nism be described by dislocation theory 
or by the theory of Fredrickson and 
Eyring or by any other theory. 

D. W. WHITE*—As I understand it, 
one corollary of this theory is that the 
small surface imperfections in the crystal 
would tend to facilitate the nucleation of 
the slip. On the other hand, Dr. McAdam 
showed us this morning that the low 
stress of a specimen on a larger scale is 
raised as you introduce the triaxial by 
means of a notch. 

This seems on first appearance a little 
inconsistent with this matter of the 
function of surface imperfections by the 
nucleation theory. I was wondering if this 
is really a contradiction or just something 
imaginary on my part. 

J. G. LESCHEN—The stress field in 
the vicinity of a notch is not as simple as 
that assumed in the present papers. It is 
difficult to say what the effect would be 
on the nucleation and growth of a slip 
band. 

G. H. BOSS{—The authors of these 
two papers have outlined a very provoca- 
tive theory and have presented the re- 
sults of some very beautiful experiments. 
Their theory is certainly as tenable as are 
some of the others which attempt to ex- 
plain slip. However, it is not necessary to 
postulate nuclei as the generators of slip 
in order to explain the curves which they 
have derived from the results of these 
excellent experiments. 

While a metal is in the steady stage of 
creep it is being subjected to two opposing 
phenomena. One of these is the work 
hardening which occurs as the result of 
the deformation to which it is being sub- 
jected; the other is the recovery anneal, 
which occurs at a rate determined by the 
temperature to which the metal is heated. 

In the following discussion it is as- 
sumed that the temperature is held con- 
stant, thereby fixing the rate of recovery 
annealing: If a metal is creeping at a 
steady rate caused by a load L, it will be 
work hardened to the extent determined 
by the balance between the rate of ex- 
tension and the speed of recovery anneal. 
Now, if the load is increased by an 
amount delta L, the balance is upset 
because the metal has only the work 
hardening of the lower load to resist the 
newer, greater load. Consequently the 
metal is deformed at a very great rate, 
which gradually diminishes as the work 
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hardening of the metal is increased. It 
finally reaches a steady rate which is 
somewhat higher than the original. Then 
if we reduce the load back to its original 
value of L the balance is again upset, 
because the metal is work hardened to the 
extent demanded by the higher load. 
Consequently the rate of extension is 
greatly reduced, and remains so until re- 
covery has restored the balance by reduc- 
ing the work hardening of the metal. 

A. H. COTTRELL*—The idea that 
slip may be nucleated by the formation 
on a slip plane of a disc-like patch of 
slipped material which subsequently 
grows by the outward advancement of 
its boundary across the slip plane is much 
older than the authors suggest. It was 
proposed and discussed by Orowan"™ in 
1934. In reintroducing the idea, the 
authors suggest that it is in some way 
different from the dislocation theory; this 
is strange in view of the fact that Orowan 
and many others have emphasized that 
the boundary (which divides the slipped 
and unslipped parts of the slip plane) of 
the disc-like patch constituting the nu- 
cleus of slip is rigorously definable as a 
dislocation. This model of slip nucleation 
has been discussed, explicitly and im- 
plicitly, many times?!+15.16,17,18,19,20 since 
1934 and the general conclusion has now 
been reached that an extremely high 
energy of formation precludes the exist- 
ence of slip nuclei as equilibrium features 
of a crystal under external stress, unless 
this stress approaches G/10 in order of 
magnitude, where G is the shear modulus. 
Accordingly, modern opinion holds that 
such nuclei exist only as metastable 
features in crystals, the dislocations which 
form their boundaries being trapped in 
potential energy troughs caused by the 
stress fields of impurities, crystal bound- 
aries, and other dislocations. In the ab- 
sence of these troughs, or of a very high 
shear stress on the glide planes, the 
nuclei must disappear. 

The concept of a slip nucleus which the 
authors propose on p. 2 of ‘‘ Nucleation of 
Slip Bands,” as a basis for their theory 
is perplexing. It is founded on the assump- 
tion ‘“‘that a growing semicircular inter- 
face, across which no shear stress is 
supporled, advances slowly into the 
crystal.” The clause in italics must mean 
that the material in the slip nucleus is 
incapable of supporting a shear stress, or 
that it happens to be free from stress at 
the time considered. From the work of 
Bragg,'® who has studied the second 
possibility in detail, one can conclude: 

1. That it arises when the applied 
shear stress r bears a certain relation to 
the amount of slip (which is fixed by the 
crystal structure) in the slip nucleus, a 
relation which also involves the size of 
the nucleus and the elastic properties of 
the medium, 

2. That, when its consequences are 
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fully analyzed, it reduces the above model 
of slip to a particular case of the disloca- 
tion theory model, in which the stress 
fields from the applied load and the dis- 
location constituting the boundary of a 
slip nucleus approximately cancel each 
other inside that nucleus. 

The authors evidently have in mind 
the first possibility (that is, that the 
slipped region cannot support a shear 
stress), since: 

1. No suggestion is made of any criti- 
cal relation between the applied stress 
and the amount of slip; in fact the 
amount of slip is not mentioned at all. 

2. The energy of nucleation is taken to 
be made up of a term representing relief 
of shear stress in the vicinity of the nu- 
cleus and a surface energy term propor- 
tional to the area of the slipped region. 

To suppose that the slipped region 
cannot support a shear stress must mean 
either that the material in the disc-like 
patch has become a fluid (see below) or 
that the two atomic planes which have 
slipped over each other in this region 
have parted company, thus forming a 
crack. The authors presumably favor the 
latter since they compare the disc-like 
patch to a slit. 

What is now very difficult to under- 
stand is how this model can describe the 
process of plastic gliding since the picture 
it gives is of the spreading of a crack 
across a slip plane, which is something 
quite different. If the material within the 
slipped region cannot support a shear 
stress, then, when the “‘slip”’ has propa- 
gated across the entire slip plane, the two 
halves of the crystal divided by the slip 
plane must become separated. Brittle 
failure along a slip plane, and not. plastic 
flow, should result. 

The conclusion seems unavoidable that 
no other model of a slip nucleus is con- 
ceivable except the strict dislocation 
model in which the atoms in the slipped 
region have slipped past each other to 
congruent positions where they are as 
firmly bound and are as capable of sup- 
porting a shear stress as those in the un- 
slipped region. Only the dislocation 
itself, where a special atomic configura- 
tion exists, is incapable of supporting a 
shear stress, and this only in the sense 
that the dislocation will move in that 
direction which causes the crystal as a 
whole to give way to the stress. 

The fact. that a crystal as a whole can- 
not support a shear stress without under- 
going plastic flow, if it contains disloca- 
tions, raises the possibility that the 
authors may regard their slip nucleus as 
a macroscopic, disc-like piece of crystal 
containing many slip nuclei of the strict 
dislocation type. This is an alternative to 
the crack interpretation and could be 
regarded as a refinement of the concept of 
the slipped region as a “fluid.” In such a 
case the energy required to form the 
macroscopic slip nucleus would be the 
sum of the self energies and interaction 


MAY 1949 


energies of all the nuclei (of the disloca- 
tion type) from which it is made up. We 
shall now show that the energy of forma- 
tion is impossibly high for even a single 
slip nucleus of the dislocation type. Con- 
sider the formation of a circular patch of 
slip in the interior of a crystal, constitut- 
ing a single slip nucleus of the dislocation 
type. (The slightly more complicated 
case of slip starting from the sufface 
can also be treated by making use of 
Koehler’s!” surface image force.) The 
critical radius determining whether the 
nucleus will grow or disappear under a 
given stress is found by equating the 
forces acting on the dislocation forming 
the boundary of the nucleus. Three forces 
act: 

1. An outward force, causing the dis- 
location to spread, which is due to the 
applied stress. This force increases as the 
nucleus grows. 

2. An inward force due to the attrac- 
tion towards each other of the parts of 
the dislocation on opposite sides of the 
nucleus. This force decreases as the 
nucleus grows. 

3. Aninward force due to the fact that, 
‘as the nucleus grows, the length of the 
dislocation round its boundary increases 
and so the amount of highly strained 
material in the core of the dislocation 
increases. It can be shown!” 18 that the 
strain energy of the material in the core 
of a-dislocation is generally smaller than 
the interaction energy of the strain fields 
which causes force (2), so that, in a 
rough calculation, force (3) can be neg- 
lected in comparison with force (2). 

A balance between forces (1) and (2) 
is obtained approximately when the 
stress fields acting on any part of the dis- 
location due to the applied stress and the 
dislocation on the other side of the nu- 
cleus are equal. This defines the critical 
radius of the nucleus roughly as y 
= G)/2rr where G and 7 have their 
previous meanings and ) is the slip dis- 
tance (~ 3A). The energy of such a nu- 
cleus could be computed accurately, but 
for a rough estimate we can note that the 
energy of a dislocation is, at least, leV 
per atom along its length.?° Hence under 
a stress 7, the energy of nucleus formation 
is about 217/\ = G/r eV. Strictly, one 
should subtract from this the work done 
by the external forces, but, unless these 
are such that r > G/100, the inclusion of 
this work does not affect the order of 
magnitude of the result.!® For soft metals 
G is of the order of 10007, so that an 
energy of about 1000 eV is required for 
slip nucleation. With a Boltzmann factor 
of e~ 49009 operating, there can be no pos- 
sibility of stable slip nuclei at the elastic 
limits of soft metals. Only under exceed- 
ingly high stresses (~G/10) could the 
possibility be admitted. While the above 
estimate is undoubtedly rough, it ought 
to be correct in order of magnitude. More 
exact treatments have been devel- 
oped!?-18.19 for nuclei bounded by straight 
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dislocations, which give essentially the 
same results. 

The experiments on transient plastic 
deformation’ cannot be regarded: as pro- 
viding evidence uniquely supporting the 
slip nucleation theory since Orowan?! has 
shown that the same effects are to be 
expected on the recovery theory of creep. 
Indeed, the times of the induction periods 
noted (~ 10 min. for lead and > 5 hr for 
copper) seem more in accord with a re- 
covery theory than the theory of slip 
nucleation. 

A. H. SULLY *—AlIthough the paper, 
“Transient Plastic Deformation,” makes 
no reference to the fact, it may be pre- 
sumed that the wires on which these tests 
were Carried out were polycrystalline ag- 
gregates and not single crystals. In this 
case, it seems more than probable that 
the results obtained in the tests, involving 
a reduction of stress during creep, are 
complicated by normal creep recovery 
effects. Creep recovery always accom- 
panies stress reduction in polycrystalline 
aggregates, due to the redistribution of 
elastic stress between differently orien- 
tated crystals, which have different val- 
ues of the resolved shear stress along the 
slip plane, and, consequently, have vary- 
ing degrees of elastic and plastic distor- 
tion. In the case shown in Fig 2, where a 
small reduction of stress results in an 
apparently constant strain for a short 
period before creep recommences, it seems 
possible that this could be due to a bal- 
ance between recovery processes in some 
crystals and continuing creep in others. 
If this were true, an actual diminution of 
strain would be expected to occur if the 
stress reduction was larger, and it is un- 
fortunate that the authors do not give 
the results of experiments with larger re- 
ductions of stress, since this would be a 
more critical test of their theory. The 
statement in the introductory paragraphs 
that transient effects have not previ- 
ously been recognized in experimental 
work is incorrect. Tapsell2? has published 
data illustrating creep recovery and in 
particular has shown for a 3 pct nickel 
steel at 400°C the effect on the creep of 
reducing the stress from 16 tsi to 14 tsi. 
This shows, after allowing for the elastic 
strain, strain first diminishing, due to 
recovery effects, and then increasing and 
gradually approaching a new steady state 
creep rate. 

The shape of the curve shown in Fig 3 
from one minute onwards, relating the 
length of the period of zero strain rate to 
the time of prior application of the higher 
stress, can similarly be accounted for on 
existing theory if Andrade’s division of 
creep into transient and quasi-viscous 
components is accepted and it is taken 
that only transient creep is recoverable 
in polycrystalline aggregates. There is 
adequate evidence that this is the case, 
for example, Chalmers?* on the creep of 
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tin. After the time of exhaustion of pri- 
mary creep, the recovery accompanying a 
constant stress reduction therefore re- 
mains the same, irrespective of the 
period for which the higher stress is ap- 
plied, in accordance with the authors’ 
observed approach to constancy of their 
“incubation”’ period. The rapid increase 
in creep rate and subsequent decrease to 
a constant rate observed on increasing 
the stress can similarly be explained on 
the basis of existing theory by Orowan’s?! 
concept of an activation energy for glide 
increasing with the creep deformation 
along a curve similar to the normal stress- 
strain curve. An increment in the stress 
therefore results in a sudden lowering of 
the activation energy for further slip and 
consequently a further stage of transient 
creep, the exhaustion of which corre- 
sponds with the achievement of a con- 
stant creep rate, observed by the authors. 
It may be suggested, therefore, that the 
authors’ results can be satisfactorily ex- 
plained on the basis of existing knowledge 
of transient creep, and of the deformation 
of polycrystalline aggregates, and the 
evidence in favor of the theory of Leschen, 
Carreker, and Holloman would only be 
convincing if they observed identical 
effects, especially those accompany- 
ing stress reduction, in single metallic 
crystals. 

J. G. LESCHEN—The authors regret 
that a misunderstanding has arisen with 
Professor Cottrell through their appar- 
ent failure to make sufficiently clear 
certain points in their introduction. They 
did not mean to imply that the idea:‘of an 
advancing boundary of slip was at all 
new or that the dislocation and nucleation 
concepts are incompatible with one 
another. The authors merely wished to 
suggest that since nucleation theory can 
be successfully applied to the growth of 
cracks and of particles of a second phase, 
it might likewise be applicable to the 
growth of slip bands. In order to deter- 
mine if it were so applicable, they selected 
a simple model—undoubtedly an over- 
simplified one—and then qualitatively 
investigated the characteristics of that 
model. Since these characteristics proved 
to be in reasonably good agreement with 
experiment, as reported both in the pres- 
ent papers and in a later development by 
Hollomon,?4 a nucleation theory of slip 
seems to merit further attention and a 
more quantitative development. 

The present rudimentary treatment did 
not seem to warrant any undue concern 
with the atomistic mechanism by which 
slip takes place. In future developments 
of the theory the mechanism will have 
to be taken into account, and there can 
be little doubt that dislocations will here 
play a large part. In this regard the 
comments of Professor Cottrell should be 
of great help. The authors take issue 
with several of his remarks but feel that 
a discussion of most of them belongs 
more properly in a future note or paper 
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FIG 11—Transient effects in creep test on single crystal of lead. 


than in the present discussion. However, 
several points can be made. For example, 
in calculating the Boltzmann factor for 
nucleating a dislocation, Professor Cot- 
trell neglects the fact that yielding may 
begin at places where the local stress is 
significantly higher than the average 
applied stress. At such places, as Cottrell 
points out, the work done by the external 
forces cannot be neglected. Furthermore, 
we wonder whether the value of 1 eV, 
taken from the calculations of Nabarro, 
is a total energy or is it the free energy 
that must be used in computing the 
Boltzmann probability. 

Mr. Sully is quite correct in presuming 
that the wires used in the original experi- 
ments were polycrystalline. However, 
tests have since been carried out with 
single crystals, and the results of the few 
experiments thus far completed indicate 
that the behavior of single crystals is 
essentially the same as that of polycrys- 
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talline specimens. Fig 11* illustrates, for 
instance, the response of a lead specimen 
to changes of stress at room temperature. 
Etching and visual examination of this 
particular specimen before the creep test 
indicated that it was a single crystal. 
X ray diffraction photographs made sev- 
eral days after the test showed the speci- 
men to possess some lineage structure and 
a few small grains (possibly from local 
recrystallization). The suggestion that 
experiments be made with larger reduc- 
tions of stress is a very valuable one and 
the authors have undertaken such tests. 

Although the paper by Tapsell is not 
at present available to the authors, the 


* The strain rate-time curve was obtained by 
graphically determining the slope of the strain- 
time curve, except in the region following the 
decrease of stress. Here the strain-time curve 
was so flat that accurate measurements of the 
slope could not easily be made, and the method 
of differences was therefore used. This method 
yielded points with appreciable scatter, and it 
accordingly seemed appropriate to show them 
in Fig 11. 


type of results which he observes, as 
reported by Mr. Sully, is familiar.”® 
However, this sort of transient does not 
appear to be the same as that discussed in 
the present papers, since the authors 
observed no contraction other than an 
immediate elastic one upon reduction of 
the stress. The transients of Tapsell 
probably require more complicated ex- 
planations of the kinds summarized by 
Leschen?* and Zener.?’ 

In reply to Dr. Jaffe, it does indeed 
appear that the decrease of modulus with 
increase of temperature is primarily re- 
sponsible for the deviation of the yield 
strength versus T~” curve from a straight 
line. The work of Ké?8 indicates that the 
decrease in modulus of single crystals is 
appreciable; and there is reason to be- 
lieve?? that as the melting point is ap- 
proached the modulus, of polycrystals at 
least, falls toward zero. 

Messrs. Cottrell, Sully, and Boss point 
out that the observed transient effects 
can be explained equally well by the creep 
recovery theory of Orowan. An experi- 
ment which would differentiate between 
this and the nucleation theory is difficult 
to conceive. A choice between the two 
will perhaps depend upon which can be 
the more adequately developed. 

The nucleation theory of slip will no 
doubt require considerable modification. 
Meanwhile, it should serve to direct at- 
tention to the type of experiment involv- 
ing sudden changes of stress, strain rate, 
or temperature. Then, if the theory 
should ultimately prove to be untenable, 
itiwill at least have been of heuristic 
value. 
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Plastic Deformation of Large Grained 
Copper Specimens 


By W. R. HIBBARD, JR., Junior Member AIME 


DISCUSSION 
(R. F. Mehl and J. C. McDonald 
presiding) 

R. F. MEHL*—It is certainly pleasant 
to have a paper in the field of the plas- 
ticity of metal crystals that modestly 
undertakes to study some of the com- 
plexities from a phenomenological point 
of view, advancing new and good infor- 
mation and employing theory with judg- 
ment and restraint. In the long view, 
progress ought to come from a nicely 
calculated mixture of theory and experi- 
ment; and the proportions of each in that 
mixture should be chosen with some re- 
gard for the stage of development and the 
degree of complexity involved. Despite 
the great attention that has recently been 


given to physical theory in the field of 


metal behavior generally—the many 
symposia, the innumerable papers, the 
approval that is accorded semi-religiously 
to any effort. so long as dislocations or 
lattice vacancies are intoned—it seems 
clear to this observer that progress in 
understanding plasticity has been shock- 
ingly slight. A proper sense of responsi- 
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bility should be shown in a field of 
research; theory should not far outrun 
experiment, for even though there is good 
sport in this, the purpose is not one of 
entertainment. Nor should undirected 
experiment be the rule; but at the present 
the error is not in this. There is a need of 
systematic experimentation in this field, 
and from this a formulation of general 
modes of behavior, for which then we 
might hope to have theories of behavior, 
and not before. The metallurgical pro- 
fession ought to remember this, as Dr. 
Hibbard evidently does, and as some 
physicists do not. 

As to the problem at hand, the plas- 
ticity of aggregates, it is possible that 
some of the difficulties arise in a lack of 
knowledge of the conditions of flow under 
various circumstances of restraint. We 
have based our thinking on the Polanyi- 
Schmid principle of a critical resolved 
shear stress for slip, providing slip on 
that lattice plane and in that direction 
for which the resolved shear stress is 
a maximum; it is possible that if this prin- 
ciple is not general, we could profitably 
restudy aggregates. Dr. R. Smoluchowski 


in the Carnegie Metals Laboratories has 
recently demonstrated that slip in single 
crystals of aluminum in the form of thin 
plates does not conform to the Polanyi- 
Schmid principle, but that the length of 
the slip direction through the piece itself 
is a determinant—that slip is the readier 
the shorter this direction, that slip may 
occur in a given plane in a given direction 
when the length of the slip direction is 
short even though this slip system does 
not exhibit the maximum resolved shear 
stress. This effect of external geometry 
is in the category of restraint; it would 
be very interesting to see whether the 
change in basic thinking which this ex- 
periment implies might alter our concep- 
tions of how aggregates should behave. 

W. R. HIBBARD, JR. (author’s reply) 
—I should like to thank Dr. Mehl for his 
kind remarks. His philosophy of scientific 
progress is a very important guide to 
investigations and, unlike the chicken or 
egg story, gives us a lead to the answer of 
which should come first, theory or experi- 
mental fact. 

Dr. Smoluchowski’s findings are ex- 
tremely interesting and important. We 
now have another variable to consider in 
deformation studies. 


Plastic Flow in Anisotropic Sheet Steel 


By L. R. JACKSON, Member AIME, K. F. SMITH and W. T. LANKFORD 


DISCUSSION 
(R. F. Mehl and J. C. McDonald 
presiding) 

R. HILL*—Apart from notation, the 
anistropic stress-strain relations used by 
the authors are equivalent, in the special 
case when the directions of principal 
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stress and orthotropy coincide, to those 
which I have derived by other methods 
in an earlier paper.’ The criterion of 
yielding which I proposed is also similar 
in form to the authors’ expression z, al- 
though I cannot make out whether they 


7A Theory of the Yielding and Plastic Flow 
of Anisotropic Metals. Proc. Roy. Soc., (1948) 
193-A, 281. 


actually identify with the function 
governing yielding. It seems that they do 
not, since in the second paragraph of their 
summary and conclusions they state that 
their method is consistent with the idea 
that ‘‘the flow is governed primarily by 
considerations of shear-strain energy.” 
The value of the paper would have 
been greatly enhanced if detailed data 
had been given concerning the observed 
strain-ratios in the bulge tests. These can 
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be predicted theoretically from the stress- 
strain relations in terms of the measured 
strain-ratios in the tension tests at right- 
angles. An immediate test of the validity 
of the stress-strain relations is then 
possible. Would the authors be good 
enough to give these data? I should also 
be very interested to check the relations 
given in my paper between the yield 
stresses in the orthotropic directions and 
the parameters occurring in the stress- 
strain relations. 

I have found it very difficult to make 
out what fundamental postulates the 
authors are making with regard to the 
influence of cold work on the values of 
the anisotropic parameters. They appear 
to assume tacitly that these parameters 
increase in strict proportion. This seems 
rather unlikely on general grounds, but 
if it is true it certainly makes the prob- 
lem of plastic anisotropy considerably 
easier. (In my own paper I left open the 
question of the dependence of the aniso- 
tropic parameter on the strain-history.) 
The second postulate made by the au- 
thors appears to be that the effective 
stress @ is a function only of the total plas- 
tic work. This is the natural assumption 
to make by analogy with the isotropic 
theory. However, could it not have been 
tested more directly by comparing the 
results of the two tension tests at right- 
angles? Would the authors please give the 
relevant data for this comparison? 

The agreement between the bulge and 
tensile tests is, on the face of it, very 
satisfactory, but here again the authors 
have withheld the data that would en- 
able a reader to assess whether the agree- 
ment is significant. 

R. F. MEHL*—I would like to ask 
Mr. Jackson what are his ideas concern- 
ing the departure of Cor-Ten in be- 
havior from his calculations. 

L. R. JACKSON (authors’ reply)—We 
have no concrete ideas as to just why 
Cor-Ten behaved as it did; however, 
throughout the analysis we made assump- 
tions which may not have been justified 
in the case of Cor-Ten. Three such as- 
sumptions are: 1. That the flow curves in 
tension and compression are identical. 
2. That the materials being investigated 
were orthotropic and that the orthotropic 
axes could be identified with the length, 
width, and thickness directions in the 
sheet. 3. That differences in the rate of 
straining in the bulge and tension tests 
had a negligible effect on the shape of the 
flow curves. 4. That the bulge test applies 
stresses only along the orthotropic axes. 
This last assumption is not correct and 
is particularly evident for circular bulges 
where there is no real choice of axes. 5. 
We also believe that the methods of meas- 
uring the parameters K,, and Kys are 
crude and not particularly precise. 

R. F. MEHL—Do you think it possi- 
ble that your results might be affected by 
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variations in the ductility properties in 
the thickness direction } 

L. R. JACKSON—We attempted to 
minimize the effect of nonuniform thick- 
ness by measuring the thickness of test 
pieces at numerous locations and select- 
ing only those which were uniform within 
narrow limits. 

R. F. MEHL—It is disturbing that we 
have hitherto been forced to consider 
plastic properties, even when the he- 
havior in the transverse direction is im- 
portant, on the assumption that the 
ductility in the transverse direction (the 
thickness direction in plate or sheet) 
shows no special characteristics. Recent 
studies at Carnegie on the transverse 
mechanical properties of heat-treated 
forging steels show that the transverse 
ductility properties vary greatly from the 
longitudinal; and though this doubtless 
originates in the structural anisotropy 
caused by alloy segregation and its con- 
sequences in heat-treatment, it is possible 
that a similar mechanical anisotropy, 
perhaps less in degree, may occur in 
simpler alloys; there is no information on 
this point, and it should be developed. 
The effect might well be present in Cor- 
Ten, which the author studies, for this is 
an alloy steel, and should show a degree— 
not necessarily a harmful one—of alloy 
segregation and resultant mechanical 
anisotropy. 

M. F. SAYRE*—Was any measure- 
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ment made on stresses in the 45° direc- 
tion? From the theoretical point of view, 
evidence of anisotropy should be much 
more evident with measurements at 45° 
than with measurements taken 90° apart. 

L. F. JACKSON—We did not measure 
the tensile properties in directions other 
than the rolling direction and the width 
direction; however, we are making these 
tests now. 

MEMBER—How did you calculate 
the stresses in the elliptical bulge? 

L. F. JACKSON—We had some diffi- 
culty in this measurement. We did not 
believe that the conventional method of 
computing stresses by assuming that the 
ellipse is a figure of revolution was pre- 
cise enough, so the method had the fol- 
lowing steps: 1. A bulge was blown to 
some selected height and the pressure 
released. 2. Either Tuckerman or wire 
strain gauges were mounted at the top 
of the bulge along the rolling direction 
and width direction. 3. The oil pressure 
under the bulge was then gradually in- 
creased to the value it had when the 
pressure was released. Simultaneous 
strain and pressure readings were taken 
during this period and a relation between 
the two strains and the pressure was ob- 
tained. The stresses existing at the maxi- 
mum pressure were then computed from 
the strains by conventional methods. 

MEMBER—How constant did that 
ratio remain during your test? 

L. F. JACKSON—Do you mean the 
ratio between the stresses in the longi- 
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tudinal and transverse directions? 

MEMBER—Yes. 

L. F. JACKSON—The ratio remained 
quite constant for any one test; however, 
the ratio obtained depended on the kind 
of steel. 

The authors regret that Dr. Hill’s ex- 
cellent paper was not available at the 
time theirs was submitted and are glad 
to have the opportunity afforded by his 
discussion to acknowledge it. 

With regard to his suggestions we have 
the following comments. 

Within the precision of our measure- 


ments which was not high, the anisotropy 
parameters do not vary with cold work 
within the range covered. We wish to 
point out, however, that we did not ex- 
plore the region in the vicinity of the 
yield point in detail because the assump- 
tion of incompressibility is not valid 
there. The parameters appeared to be 
essentially constant even after necking 
started when measured at the minimum 
section of the neck. 

We are inserting Table 3 giving the 
data on the bulge tests requested by Dr. 
Hill. In the table we are also giving the 


radii of curvature at the top of the bulge, 
since this data would be required in order 
to take into account the fact that the 
bulge tests do not apply stresses only 
along the orthotropic axes. This should 
be taken into account in attempting to 
compute the strain ratios as Dr. Hill sug- 
gests. As noted in the paper, we did not 
take this factor into account in comput- 
ings. 

The tension data for the two directions 
can be computed from the tension curves 
given in the figures through the use of 
Eq 21 and 22. 


The Effect of Thermal-mechanical History 
on the Strain Hardening of Metals 


By J. E. DORN, Member AIME, A. GOLDBERG and T. E. TIETZ 


DISCUSSION 
(R. F. Mehl and J. C. McDonald 
presiding) 

G. W. GEIL* and N. L. CARWILE*— 
Tests of a type similar to those reported 
in this paper were carried out recently by 
the writers at the National Bureau of 
Standards with ingot iron. Complete true 
stress-true strain curves, up to the point 
representing fracture, were obtained for 
specimens prestrained at one temperature 
and extended to fracture at a different 
temperature. The curves were derived 
from simultaneous load and diameter 
measurements made during the tension 
tests. The results are in agreement with 
those reported in this paper in that they 
do not conform to the assumptions pro- 
posed for a mechanical equation of state. 
Tension tests made previously with an 
ingot iron, an 0.12 pct carbon steel and an 
0.46 pet carbon steel, in which the speci- 
mens were prestrained various amounts 
at room temperature and then extended 
to fracture at 85°K gave similar results. 
These results were discussed in a paper 
on the ‘‘ Influence of Plastic Deformation, 

_Combined Stresses and Low Tempera- 
ture on the Breaking Stress of Ferritic 
Steels” by D. J. McAdam, Jr. G. W. 
Geil and R. W. Mebs, published in 

_ Metals Technology, Aug. 1947. 

The results of tension tests made at 
room and at low temperatures on com- 
mercially pure aluminum (99.4 pct) and 
high purity aluminum (99.97 pct) were 
discussed in a paper on the ‘Effect of 
Combined Stresses and Low Tempera- 
tures on the Mechanical Properties of 
Some Non-ferrous Metals” by D. J. 
McAdam, Jr., G. W. Geil, and R. W. 
Mebs published in the Transactions of 
the American Society for Metals, (1946) 
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37. The true stress-strain curve for 
aluminum extended at 85°K, warmed to 
room temperature, and subsequently 
extended further at 85°K, was not a 
continuous curve. The warming of the 
metal to room temperature resulted in 
some softening or crystal recovery. On 
subsequent retesting at 85°K, the stress- 
strain curve was lower than that which 
would have been obtained if the specimen 
had not been warmed to room tempera- 
ture. The softening of aluminum pre- 
strained at 85°K, warmed to 194°K, and 
retested at 85°K should be less than the 
softening resulting from warming to 
room temperature. This softening effect 
also is indicated by the curves in Fig 12 
and 13 for aluminum as presented by 
Dorn, Goldberg and Tietz. Fig 12 shows 
the effects of prestraining at 78°K on the 
true stress-true strain curves at 292°K. 
The slope of these curves is due to the 
combined influence of the ordinary strain 
hardening at room temperature and the 
room temperature softening following the 
previous strain hardening at the lower 
temperature. 

The slope of these curves decreases as 
the amount of prestrain at 78°K in- 
creases. With extension to maximum Joad 
or necking these curves approach the 
curve obtained in the single stage test at 
292°K. Fig 13 presents the effects of pre- 
straining at 78°K on the true stress-true 
strain curves at 194°K. With extension to 
necking, however, these curves still re- 
main considerably above the curve ob- 
tained in the single stage test at 194°K, 
indicating less softening than in the test 
results shown in Fig 12. 

J. H. HOLLOMON*—Inherent to the 
problem of plastic deformation is the re- 
lationship between the effects of strain 
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introduced under differing conditions. In 
treating the engineering problem of mate- 
rials, the simplest assumption that can 
be made with respect to prior strain 
history is that its effect is negligible if no 
phase transformations take place during 
the deformation. This assumption was 
made in the early part of this century by 
Ludwik and was justified by a few ex- 
periments. Other investigators have 
utilized the qualitative conclusions de- 
rived from this assumption in discussing 
and describing the effects of temperature 
and strain rate on the resistance to plastic 
flow. Certainly the notion permits a ra- 
tionalization of such gross features of 
deformation as the relations between 
necking in tension and in creep tests. 

On the basis of a few experiments on 
steels, I showed that the effects of prior 
strain history were exceedingly small. 
More recently, experiments have been 
performed by G. Sachs and E. J. Ripling* 
that are in almost complete agreement 
with my earlier experiments. It appears 
that particularly at low temperatures, 
and for ferritic steels, there is only a small 
effect of prior strain history even at large 
strains. On the other hand, the results of 
the authors show a pronounced effect of 
prior strain history. Orowan} has shown 
that the effect of prior strain history 
becomes progressively greater with in- 
creasing strain. The authors of the present 
paper have carried out a thoroughly com- 
petent investigation of the effect of strain 
history for their materials. 

In Fig 18 of their paper, the authors 
show a difference in the equivalent strain 
depending on whether or not the speci- 
men was first deformed at a high or a low 
temperature. Another equivalent strain 
may be definable that is independent of 


* The Effect of Strain-temperature History 
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the sequence of the deformation tem- 
peratures. It seems reasonable that the 
shift in the stress strain curves should 
have been such as to make them as- 
sympotic at large strains rather than 
identical at smaller strains. If the coinci- 
dence was assured at large strains, then 
the equivalent strains for the two se- 
quences of temperature changes would 
have been nearly identical. There is some 
basis for defining an equivalent strain in 
this fashion. One would expect transient 
effeets immediately upon reapplication 
of the load at the new temperature which 
would disappear with deformation at the 
second temperature. 

Aside from such transient effects, the 
authors’ experiments by themselves in no 
way invalidate the concept of the me- 
chanical equation of state. The authors 
have simply shown either that there is 
no mechanical equation of state or that 
plastic strain is not an adequate measure 
of deformation. The self consistency of 
their results and an intuitive feeling with 
regard to the behavior of matter seem to 
require the latter conclusion. In order to 
demonstrate definitely that there is in 
fact little or no effect of prior deforma- 
tion history when deformation is properly 
defined the following kind of experiment 
is necessary. Two specimens that are de- 
formed the same amount (to the same 
equivalent strain in the authors termi- 
nology) must be deformed at some third 
temperature and their flow curves deter- 
mined. If then these flow curves are 
identical, then the existence of a mechani- 
cal equation of state would have been 
demonstrated. Such a critical experiment 
is important to the further rationalization 
of the mechanism of deformation, It is 
conceivable that the equivalent strain if 
it does exist measures some fundamental 
properties of the material. Dr. D. J. 
McAdam,* and Dr. J. C. Fisher and It 
have suggested that perhaps a proper 
measure of deformation fulfilling this con- 
dition is the stored internal energy. At a 
single temperature stored energy is prob- 
ably a monotonic function of strain. 
However, this functional relationship 
may be different at different tempera- 
tures. Under such conditions, the work 
done during deformation may be a better 
measure of the stored energy. When the 
stress data of these investigators and of 
Orowan are plotted versus work, much 
less effect of prior strain history is 
noticeable. 

Certainly the concept. of equivalent 
strains is a good approximation to the 
way the authors’ specimens behaved. If 
such equivalent strains are determined 
properly as can be done by investigations 
similar to the authors, and the signifi- 
cance of these equivalent strains is 
rationalized, a long step forward in un- 


* Presented as discussion at the Seminar on 
cae ene ASM, Philadelphia, 1948. 
1a. 


326 .. . Metals Transactions, Vol. 185 


TRUE STRESS 


(3) 


TRUE STRAIN (log) 


FIG 20—Effect of thermal prior strain history. 


derstanding plastic deformation and pre- 
dicting creep behavior would have been 
made. I fully agree with the authors that 
their data imply that at least for large 
strains all previous relations between the 
strength of metals and temperature are 
utterly confused by including both a 
variation in strength itself and a varia- 
tion of the degree of deformation. 

D. H. WOODWARD*#—I would like 
to mention some results obtained at the 
National Bureau of Standards on the 
effect of thermal prior strain history. 
Curve A in Fig 20 was the type obtained 
at room temperature with the annealed 
material and curve B was the type ob- 
tained with the prior strained material. 
The schedule of prior straining was as 
follows: 1. The annealed material was 
extended 32 pct at room temperature. 2. 
The load was removed, the temperature 
raised, and the specimen deformed a 
small amount at a creep rate. 3. The load 
was removed, the temperature lowered 
to room temperature, and the flow curve 
obtained at that temperature. In such a 
case, not only is the shape of the latter 
flow curve different, that is, it is impossi- 
ble to transpose it, but the resultant duc- 
tility is reduced. 

J. H. HOLLOMON—That is 35 pct at 
room temperature, then heat it to what? 

D. H. WOODWARD—Heat it to 
850°F, that is, room temperature de- 
formation followed by heating to 850°F. 
Deform a small amount in creep. Then 
complete the test at room temperature. 
The material was Monel. 

E. J. RIPLING}{—I should like to add 
here that there is no reason to suppose 
that results obtained on the fracturing 
characteristics after straining at two 
different temperatures are necessarily 
related to the flow characteristics under 
these conditions. 

For example, work has been done at 
Case in which steel specimens were first 


* National Bureau of Standards. 
} Case Institute of Technology. 


prestrained at room temperature and 
then tested at some lower temperature. 
These results, which should be published 
shortly, indicate the very complex be- 
havior of the fracturing characteristics in 
a two-step test. When the retained duc- 
tility at the low temperature was plotted 
as a function of the prestrain conducted 
at room temperature, the curve possessed 
a very sharp minimum and maximum. 
However, the flow stress for these same 
specimens could be represented by a 
smooth curve always possessing a positive 
shape. 

D. J. McADAM, JR.*—A few years 
ago, in my discussion of Dr. Hollomon’s 
paper, “A Mechanical Equation of 
State,” I referred to some experiments 
with aluminum, described in an earlier 
paper.22 These experiments showed that 
after aluminum has been plastically de- 
formed at liquid air temperature, there is 
considerable relaxation when the metal 
is returned to room temperature. The 
results thus implied that an equation of 
mechanical state is not applicable to 
aluminum between room temperature 
and —188°C. At that time, I thought it 
possible that an equation of mechanical 
state might apply, throughout this tem- 
perature range, to metals with higher 
melting point, such as steel and nickel. 
However, in a paper published in August, 
194723 we presented evidence that the 
flow stress for steels in liquid air is higher 
when the plastic deformation has been 
entirely at that temperature, than it is 
when part. of the same total plastic de- 
formation has been at room temperature. 
This evidence is found in Fig 6, 8 and 11 
of that paper. Moreover, in Fig 2 of a 
paper published in Jan., 1948, we pre- 
sented similar evidence concerning the 
flow stress of ingot iron.?4 

During the last four months, I have 
studied the evidence in a series of our 
papers. The results have been assembled 


* National Bureau of Standards. 
22 References are at end of discussion. 
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in 23 full page illustrations, and are dis- 
cussed in a paper to be offered for pub- 
lication by AIME. The results, like those 
presented in the paper by Dorn, Gold- 
berg, and Tietz, show clearly that the 
rate of real work hardening increases with 
decrease in the temperature of flow. The 
results indicated that the conception of 
an equation of mechanical state is 
invalid. 

J. E. DORN, A. GOLDBERG and T. 
KE. TIETZ (authors’ reply)—The authors 
wish to take this opportunity to thank 
Mr. I. Kramer of the Office of Naval Re- 
search for his competent oral presenta- 
tion of this paper at the AIME meeting 
at Philadelphia, Oct. 26, 1948. They also 
express their appreciation to those con- 
tributing discussions to this paper, and 
are gratified to hear that the results of 
other workers are in substantial agree- 
ment with those given here. 

The results reported in the text of this 
paper prove that the concept of equiva- 
lent strains is fundamentally untenable. 
The authors agree with Dr. Hollomon, 
however, that properly determined equiv- 
alent strains may possibly be of consider- 
able practical usefulness for correlations 
of stress strain data obtained under vari- 
ous strain-rate and temperature histories. 
On the other hand it must be recognized 
that such correlations become acceptable 
only for small strains and that the con- 
cept-of equivalent strains will not assist 
in arriving at a better understanding of 
work hardening. 


The comments of G. W. Geil, N. L. 
Carwile and also Dr. D. J. McAdam on 
recovery of aluminum at room tempera- 
ture after straining at liquid nitrogen 
temperature are appreciated by the 
authors. Recent tests on pure aluminum 
(99.987 pct) have shown that the rate 
of recovery at 90°F is approximately 
twice as great after straining at liquid 
nitrogen temperature as after straining 
at room temperature when the amounts 
of prestrain at liquid nitrogen and room 
temperature are so selected as to result in 
the same value of initial flow stress 
were the tests immediately continued 
at liquid nitrogen temperature. 

In the present paper the authors re- 
ported a test in which a specimen of high 
purity aluminum was prestrained at room 
temperature and then tested at liquid 
nitrogen temperature. From the data 
given in Fig 14, it is evident that the flow 
stress for pure aluminum tested at liquid 
nitrogen temperature after 0.15 prestrain 
at room temperature falls about 9,000 
psi below that obtained when the speci- 
men is strained the same amount at 
liquid nitrogen temperature. The amount 
of recovery which occurred after pre- 
straining at room temperature before 
continuing the test at liquid nitrogen 
has been determined from a series of re- 
covery tests to be not more than 400 psi, 
accounting for only a small part of the 
difference noted. Although recovery of 
high purity aluminum does occur at at- 
mospheric temperature, such recovery 


cannot account for the observed failure of 
the so-called “‘mechanical equation of 
state.” 

Any possible recovery of 2S-0 at atmos- 
pheric temperature after prestraining at 
liquid nitrogen temperature would have 
decreased the observed difference be- 
tween the flow stresses of Fig 12 at room 
temperature. In the absence of recovery, 
therefore, somewhat greater effects of the 
past strain history would have been ob- 
tained than those recorded in Fig 12. The 
observed effects of past strain history on 
the flow stress described in this paper 
therefore are only slightly affected by 
cecovery. The conclusion that the postu- 
lated ‘“‘mechanical equation of state’’ is 
incorrect appears to be inescapable. 


References 


22. D. J. McAdam Jr., G. W. Geil, and 
R. W. Mebs: Effects of Combined 
Stresses and Low Temperatures 
on the Mechanical Properties of 
some Nonferrous Metals. Trans. 
Am. Soc. Metals, (1946) 37, 497- 
537. 

23. D. J. McAdam Jr., G. W. Geil, and 
R. W. Mebs: Influence of Plastic 
Deformation, Combined Stresses, 
and Low Temperatures on the 
Breaking Stress of Ferritic Steels. 
Trans. AIME (1947) 172, 323: 
Metals Tech. TP 2220, Aug. 1947. 

24. D. J. McAdam Jr., G. W. Geil, 
D. H. Woodard, and W. D. 
Jenkins: Influence of Strain Aging 
on the Fracture Stress of Low- 
carbon Steel. AIME Metals Tech. 
TP 2318, Jan. 1948. 


The Room and Elevated Temperature 
Properties of Some Sand Cast Magnesium-base 
Alloys Containing Zine 


By T. E. LEONTIS, Junior Member AIME 


DISCUSSION 
(P. R. Kosting and W. A. Johnson 
presiding) 


JAY R. BURNS*—The presentation 
of this paper represents another signifi- 
cant advance in the field of magnesium 
metallurgy. The higher creep strength of 
the magnesium-zinc base alloys should 
place these materials in many applica- 
tions which stand waiting. 

Dr. Leontis has shown a comprehensive 
picture of the relative merits of many 
conceivable magnesium-zinc base alloy 
compositions. Work in the Materials 
Laboratory has substantiated the good 
properties obtained from such alloys at 


* Materials Laboratory, Air Materiel Com- 
mand. 


MAY 1949 


room temperature although no elevated 
temperature testing has been done. One 
factor which has been evident in the 
work, however, is the tendency of these 
alloys to produce a dirty casting. Apart 
from the microporosity, small oxide skins 
appear prevalent in cast test bars. The 
proper use of screens and steel wool 
obviated the difficulty in the bars but 
some difficulties might be expected in 
larger castings. The presence of zirconium 
was found to emphasize the difficulties of 
obtaining sound and clean bars whereas 
Mischmetal reduced the trouble. 

Certain other investigators have re- 
ported yield strengths of about 28,000 
psi and corresponding elongations of 6-8 
pet for magnesium-zinc-zirconium alloys. 
The Materials Laboratory has also ob- 
tained such figures from these alloys but 
the number of tests has not been very 
large. I should like to ask the author if he 


‘troduce more flux, 


believes the figures 24,000 psi and 3 pct 
for yield strength and elongation are 
more in line with the typical figures for 


the alloy. 
T. E. LEONTIS (author’s reply)—The 
comments of Mr. Burns are most 
welcome. 


In regard to the tendency of magne- 
sium-zince alloys to produce dirty castings, 
I cannot say that we have had the same 
experience. The binary alloys and all the 
ternary alloys with which we have 
worked, except those containing zir- 
conium, do not require any more special 
treatment than either of the two com- 
mercial magnesium sand-casting alloys, 
AZ63 and AZ92, to produce clean cast- 
ings. It is true that zirconium does in- 
oxide skins, and 
nonmetallic inclusions, but here again, 
either by careful flux treatment and 
settling or by proper chlorination, clean 
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FIG 26—Tensile properties at room temperature for binary Mg-Zn alloys. 


castings can be made. We have not ex- 
perienced any more difficulty in making 
clean castings of production size than in 
making clean test bars. 

Certain differences also exist between 
our observations on the microporosity of 
Mg-Zn alloys and those of Mr. Burns. 
Binary magnesium-zinc alloys have a 
high porosity tendency. This tendency is 
most markedly reduced by the addition 
of Mischmetal as Mr. Burns states, but 
we have observed that the addition of 
zirconium or any of the other elements 
investigated, with the exception of man- 
ganese, also reduces the microporosity to 
the point where relatively sound castings 
can be produced. The soundness of these 
castings compares favorably with that of 
AZ63 alloy. Alloys containing 0.7 to 2.0 
pet manganese, on the other hand, pro- 
duce very porous castings. 

In reply to Mr. Burns’ question about 
the mechanical properties, I do not be- 
lieve we are in a position as yet to say 
what the typical properties of Mg-Zn-Zr 
alloys are. I am assuming that the prop- 
erties which Mr. Burns has cited refer to 
an alloy containing 5 to 6 pet zinc and 
0.7 pet zirconium. We have also seen 
28,000 to 30,000 psi yield strengths and 
6 to 8 pct elongations in certain batches of 
this composition. I used the somewhat 
lower figures in this paper because those 
were the room temperature properties of 
the batch on which I also had elevated 
temperature data. I consider that these 
properties are related directly to the 
grain size. Whether one obtains 28,000 
psi, and even higher, or 24,000 psi, and 
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somewhat lower, depends on whether the 
grain size is 0.002 to 0.004 in. or 0.007 to 
0.014 in., respectively. The control of the 
grain size of these alloys, particularly in 
production size castings having sections 
of varying thickness, is a problem that re- 
quires considerable further investigation. 

J. W. MEIER*—The paper by Dr. 
Leontis covers a very wide field and 
represents a considerable amount of ex- 
perimental work. The author is to be 
congratulated for his effort and the pres- 
entation of the results. 

Experimental work on higher strength 
magnesium alloys at the Canadian 
Bureau of Mines included also many 
alloys based on the Mg-Zn system. Since 
most of our work is still not published, I 
would like to mention only some of the 
results which differ from the data pre- 
sented by Dr. Leontis. 

Our results of tensile properties at 
room temperature for the binary Mg-Zn 
alloys, both in the “as_cast”’ and the 
“HTA” conditions, show (Fig 26) an 
increase of UT'S for the zinc range of 8-11 
pet to over 30,000 psi and over 40,000 
psi respectively, with elongations of 7-8 
pet. 

These results are based on alloys pre- 
pared from high-purity magnesium and 
electrolytic zinc, without any manganese 
additions. 

The mechanical properties at room 
temperature for Mg-Zn-Zr alloys, re- 
ported by the author, would seem to be 
somewhat lower than average results 


* Canadian Bureau of Mines, Ottawa, Canada. 


achieved in our investigations. As al- 
ready reported* “as cast” ZK61 alloy 
test bars showed average UTS of 38- 
40,000 psi, 0.2 pet PS of 20-22,000 psi 
and elongations over 10 pct. Grain sizes 
of the Mg-Zn-Zr alloys, shown in Table 
2, reveal that the ‘‘effective”’ zirconium 
content in alloys 18-24 was rather low. 
Our investigation showed that the best 
mechanical properties in these alloys can 
be achieved only if the zirconium content 
is well above 0.7 pct and the average 
grain size is in the range of 0.001—0.002 
in., in any case below 0.003 in. 

Special heat treatment cycles were 
established for these alloys which in- 
creased considerably the mechanical 
properties without any effect on the grain 
size. Maximum results on fully heat 
treated ZK61 alloy castings of 48,000 psi 
UTS, of 35,000 psi 0.2 pet PS, and of 7-12 
pet elongation were achieved. Consider- 
ing the strength-to-weight ratio, these 
alloys have tensile properties superior to 
any aluminum casting alloys. 

Another interesting characteristic of 
the Mg-Zn-Zr alloys is room temperature 
aging. “As cast”’ test bars, stored for 
some time at room temperature, show 
considerable increase of proof stress and 
hardness, as well as some increase of the 
UTS. Although a more systematic study 
of this problem is still under way, it may 
be said that increases of UTS up to 3,000 


*J. W. Meier and H. Livingstone: A Study 
of Magnesium-Zirconium Sand Casting Alloys. 
Paper presented at the General Meeting, Cana- 
dian Inst. of Min. and Met., Vancouver, BGs 
Apr. 7, 1948. 
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FIG 27—Risers cut from test bar castings—Binary Mg-Zn alloys. Each melt 
treated with equal amounts of hydrogen compound. 


FIG 28—Same as Fig 27, risers sectioned to reveal internal porosity. 


psi, and of 0.2 pct PS up to 6,000 psi, 
have been found. 

The effect of calcium additions to 
Mg-Zn-Zr in the range of 4-6 pct Zn was 
found to be detrimental to the tensile 
properties causing a considerable decrease 
of both the UTS and the elongation. 

H. S. SPENCE*—This paper is a valu- 
able contribution to the growing litera- 
ture of magnesium and its alloys and the 
author is to be congratulated on both the 
work accomplished and its presentation. 

There is one point which has been men- 
tioned very briefly but which has impor- 
tant practical significance. This con- 
cerns the sensitivity to porosity of 
the binary magnesium-zinc alloys. Mr. 
Leontis states, in part, ‘‘Binary alloys 
containing more than 2 to 3 pet zinc .. . 
have a high porosity tendency. . . . All 
other binary and polynary alloys investi- 
gated were essentially free of porosity.” 
Is it correct to infer that the binary mag- 
nesium-zinc alloys below 2-3 pct zinc 
were found to be essentially free of 
porosity ? 


* Dominion Magnesium Limited, Haley, Ont., 


Canada. 
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It is stated that all alloy melts were 
prepared according to the ‘crucible 
method’ described by Nelson. Was any 
degassing attempted in the high zinc 
binary alloys using chlorine or any other 
agent? 

Personal experience in alloying experi- 
ments confirms the findings of greater 
susceptibility to porosity in the higher 
zinc content binary alloys. This is cer- 
tainly true with reference to hydrogen 
and the sensitivity in the range 2 to 6 
pet zinc appears to be a function of zinc 
content. Fig 27 and 28 show this effect 
quite clearly; these illustrate risers cut 
from test bar castings from three melts 
containing respectively 1.89, 3.98 and 
6.02 pct zinc. To each melt was added an 
identical quantity of hydrogen in the 
form of a metal hydride. The effect of 
zinc content in repressing the solid solu- 
bility of hydrogen is evident. Flushing 
similarly prepared melts with chlorine 
did not prove satisfactory in eliminating 
the hydrogen, even when using a quan- 
tity and treatment time in excess of that 
consistent with practical considerations. 

Returning to Dr. Leontis’ paper, it is 
interesting to note that his work does not 


confirm earlier published data (J. A. 
Gann,® National Physics Laboratory,® P. 
Spitaler’?) which indicate a fairly sharp 
maximum UTS of as-cast binary Mg-Zn 
alloys somewhere in the range between 
4 and 6 pet zinc. While the earlier workers 
were not in agreement as to maximum 
UTS or its corresponding per cent zinc, 
all three curves indicated a definite 
maximum as opposed to the findings now 
reported which show a constant UTS over 
the range from 2 to 7 pet zinc. Does the 
answer to this difference lie in the num- 
ber of determinations made in the present 
work with the consequent elimination of 
erratics, or is it in variations in the 
foundry techniques used by the different 
investigators? I suggest it may be the 
latter since, as these alloys respond to 
heat-treatment, varying cooling rates 
after casting may produce effects equiva- 
lent to different degrees of partial 
heat-treatment. 

M. W. MARTINSON*—This paper 
has been a valuable contribution to the 
magnesium industry, particularly to 


6 References are at end of discussion. 
* Dominion Magnesium Limited, c/o Bureau 
of Mines, Ottawa, Canada. 
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those associated directly with the de- 
velopment of new and better alloys and 
should serve as a basis for the further 
study of magnesium base alloys contain- 
ing zinc, zirconium and rare earths. 

Mr. Leontis states that, ‘‘The addition 
of 3 pct cerium added to Mg-3Zn im- 
proves the strength properties at 300 and 
400°F, but is detrimental to room tem- 
perature strength. The addition of 3 pct 
zinc to Mg-3Zn to make Mg-6Zn alloy, 
however, results in still higher properties 
at elevated temperatures than those of 
the alloy containing cerium, and at the 
same time, is beneficial to the strength 
at room temperature.” 

Reviewing the creep data presented for 
these alloys we find that Mg-3Zn-3Ce is 
considerably superior to Mg-6Zn at both 
300 and 400°F at all loads tested. 

Early in our investigations carried out 
at the Canadian Bureau of Mines in 
Ottawa, we concluded that zinc had the 
advantage of raising the mechanical 
properties of magnesium base alloys 
intended for elevated temperature use up 
to 300°F, but above this temperature its 
presence was detrimental, particularly 
increasing the creep rate of these alloys. 

This raises a question. From the engi- 
neering point of view, at what point does 
the author consider tensile properties to 
be overshadowed by creep properties in 
the final evaluation of a magnesium base 
alloy for elevated temperature use? 

In the making of the various magne- 
sium base alloys containing cerium and 
zirconium: 1. Was it necessary to degas 
the melt in any manner before or. after 
the zirconium chloride fused salt addition, 
or was the refining effect from the fused 
salt mixture sufficient? 2. To what degree 
did a varying iron content in the Misch- 
metal added affect the final zirconium 
analysis? 3. Could the author give an idea 
of the initial alloying efficiency to be 
expected for both the rare earths and 
zirconium additions? 4. What recovery of 
rare earths and zirconium can be ex- 
pected on remelt, and what methods are 
used to revivify the rare earths and zir- 
conium losses to restore the initial prop- 
erties of the alloy? 

Cc. J. P. BALL*—My metallurgical 
staff and I were greatly interested in the 
paper by Mr. Leontis and I attach some 
detailed comments by my staff upon cer- 
tain points in which they are particularly 
interested. Since Mr. Leontis touches 
upon the development and usage of 
magnesium-zirconium alloys, I think you 
would be interested to learn the present 
position in the United Kingdom as re- 
gards the magnesium-base casting alloys 
containing zinc and zirconium with and 
without Mischmetal. 

At our Clifton Junction works we have 
carried out, over a number of years, a con- 
siderable volume of research and develop- 


eh tagnediom Elektron Limited, London, 
England. 
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ment work on these zirconium-containing 
alloys. Two major problems presented 
themselves, and both had to be solved at 
a reasonable cost. The first was the intro- 
duction of sufficient zirconium in effective 
form without serious chloride contamina- 
tion, the second, the suppression of 
microporosity, which has always pre- 
sented a danger with all forms of mag- 
nesium alloys, and which can also ruin 
castings in high strength zinc-zirconium 
containing alloys unless the correct tech- 
nique is used. 

I am glad to say that special alloying 
compounds and fluxes have been evolved 
by my company, which enable the alloy- 
ing to be carried out simply and at a 
reasonable cost, with no danger of flux 
contamination, and which yield a zinc- 
containing alloy virtually free from 
microporosity even in the thickest sec- 
tions. As a result this alloy, Z5Z, (4.5 pet 
zinc, 0.7 pet zirconium) is being called 
for in rapidly increasing quantities for 
many structural castings, particularly in 
the aircraft industry. The properties of 
the casting are remarkably uniform, and 
frequently exceed those of separately cast 
test bars. Because of the ease with which 
this alloy can be handled in the foundry 
and the superior mechanical properties 
at room temperature, it is expected that 
this alloy will replace the greater part of 
the magnesium-aluminum-zince alloys at 
present used for structural purposes. 

The advances made recently in the 
magnesium-base alloys containing Misch- 
metal in addition to zirconium and zinc 
have been most striking. Because of their 
resistance to creep at temperatures 
around 200°C, their main applications so 
far have been elevated temperature work. 
The ZRE1 alloy (2.7 pet zinc, 2.7 pct 
Mischmetal and 0.7 pct zirconium) has 
made particular progress. Its properties 
at room temperature are— 


Yield —14,000 psi 
Tensile strength—23,000 psi 
Elongation —5 pct 


Around 200°C its resistance to creep is 
practically identical with that of RR.50, 
the well-known general-purpose alumi- 
num-base alloy widely used in the United 
Kingdom for service at elevated tempera- 
tures. Incidentally, the tensile strength 
of 15,000 psi given in the recent American 
Specification AMS.4428 would seem to 
compare most-unfavorably with the cor- 
responding figure for ZRE1, particularly 
since the small margin of 2,000 lb only 
between tensile and yield indicates the 
inherently brittle nature of this alloy at 


~ room temperature in the cast state. 


Practical experience in the fabrication 
of the largest and most complicated cast- 
ings, even as high as 900 lb net. weight, 
has proved conclusively that the ZRE1 
alloy containing not less than 2 pct 
Mischmetal is inherently free from any 
tendency to microporosity. 

This concludes my short resume of the 
development and present position of the 


magnesium-zirconium-zinc and magne- 
sium-zirconium-zinc-Mischmetal alloys in 
this country. 

Writing as a member of the AIME, 
it is my hope that this survey will be 
found of interest to Mr. Leontis and 
to those who have taken part in the 
discussion. 

As we understand that considerable 
work on magnesium-zirconium-zinc and 
magnesium-zirconium-zinc-Mischmetal 
alloys is also being carried on in the Wiss 
perhaps some of the members taking 
part in the discussion would be able to 
answer the following questions: 1. Are 
magnesium-zirconium containing cast 
ings now being produced readily free 
from flux inclusions? 2. Can large cast- 
ings be made readily in magnesium-zinc- 
zirconium free from microporosity? 3. 
Are alloys of magnesium-zirconium-zinc- 
Mischmetal readily available to the 
trade? 

A. C. JESSUP* and J. B. WILSON *— 
Mr. Leontis has presented extensive data 
on magnesium alloys, and since his paper 
summarizes the properties for many 
alloys for which published values are not 
otherwise available, it provides most 
interesting reading for all workers in 
the magnesium industry. The article is, 
however, a little difficult to follow, and 
the comments and figures occasionally 
appear somewhat contradictory, nor do 
we in all cases agree with the inferences 
which have been drawn. 

For instance, Fig 29 shows the effect of 
adding calcium in amounts up to 1 pct 
to a Mg-Zn-Zr alloy; in our opinion this 
shows calcium to be positively injurious. 
We would agree that the addition of 
cerium produces a similar reduction in 
room temperature properties, but for 
high temperature service the advantage 
of enhanced creep resistance more than 
outweighs the disadvantage of lower 
room temperature properties. 

On p. 19 of his paper, the author claims 
that the Mg-6Zn-0.5Mn alloy is com- 
parable for strength and ductility at all 
temperatures with the Mg-6Zn-1Zr alloy, 
and quotes Fig 10. We are not able to 
substantiate this sweeping statement. 
While we do not recommend the use of 
Mg-Zn-Zr alloys at temperatures above 
300°F, and favor a lower Zn content, our 
experience based upon hundreds of tests 
and many tons of production, has satis- 
fied us that the room temperature proper- 
ties of a Mg-4.5Zn-0.7Zr alloy when 
prepared with the proper alloying rea- 
gents are certainly higher than the author 
quoted for Mg-6Zn-0.5Mn at room tem- 
perature. In Fig 10, the room tem- 
perature properties of the manganese 
containing alloy are given as: 


Yield — — 24,000 psi 
Tensile strength—38,000 psi 
Elongation —5 pet 


_ * Magnesium Elektron Limited, Clifton Junc- 
tion, Manchester, England. 
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Comparable properties for a Mg-4.5Zn- 
0.7Zr alloy when tested as an unma- 
chined “American”’ type test bar, after 
an annealing treatment of 10 hr at 350°F, 
are: 


Yield —27,000 psi 
Tensile strength—40,000 psi 
Elongation —5 pct 


Moreover, pronounced freedom from mi- 
croporosity and grain coarsening on heat 
treatment, and small variation in me- 
chanical properties between test bars and 
specimens cut from the casting, make this 
alloy particularly attractive to the 
foundryman. We have not had much 
experience with the 6 pct zinc-0.5 pct 
manganese alloy, but such as we have had 
has shown it to be even more microporous 
than AZ92, which in turn suffers much 
more from microporosity than the 4.5 pct 
zinc-0.7 pct zirconium alloy. 

— The improvements offered by the 
Mg-Zn and similar alloys over the 


AZ92 and AZ63 alloys are noted with . 


interest. We feel, however, that the all- 
round properties of these alloys do not 
offer to magnesium founders the great 
advances and improvements in properties 
and casting techniques which they can 
obtain from the Mg-Zr-Ce alloys devel- 
oped by Murphy and Payne or from the 
alloys of Mg-Zn-Zr-Ce, designated ZRE1 
and ZRE2, recently developed in the 
United Kingdom by Magnesium Elektron 
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FIG 29—Effect of adding calcium in amounts 
up to one per cent to Mg-Zn-Zr alloy. 


Ltd. These latter contain nominally 
Mg-2.7Zn-0.7Zr-2.7Ce and Mg-4.5Zn- 
0.7Zr-2.0Ce, respectively. Mr. Leontis 
has tested two closely similar composi- 
tions (his alloys 28 and 30) and finds them 
among his most promising alloys at 
300°F. It was surprising to find therefore, 
that he did not investigate this type of 
alloy in more detail at 400°F, particularly 
in view of their extremely attractive 
combination of properties over the 60- 
400°F range. In Fig 30, we have plotted 
several of the author’s results from Tables 
6 and 7 at 300 and 400°F and have added 
a few of our own obtained at 400°F. In 
this diagram we consider creep rates only, 
since, in our opinion, the use of an arbi- 
trary ‘‘creep limit” is likely to prove 
misleading. 

Our results include the ZRE1 and 
ZRE2 alloys and also the Mg-3Ce-0.7Zr 
composition (MCZ) as developed by 
Murphy and Payne. We find that there is 
little to choose between the MCZ and 
ZRE1 alloys over the 60-400°F range of 
temperatures. The zinc containing alloys 
are, however, distinctly easier to handle 
in the foundry. The superiority of the 
cerium bearing alloys at 400°F requires 
no comment. 

The author states on p. 29 and 31 of 
the paper that zinc lowers the creep re- 
sistance of Mg-Ce alloys. This may well 
be true in the particular case of zinc 


Elongation pct in 2 in. 


> oa /ocr) ; 
N2 


additions to the binary Mg-Ce alloy. 
However, all our experience has shown 
both in tests and in practical foundry 
production that if the full amount of 
effective zirconium is present, consider- 
able amounts of zinc may be tolerated 
without adverse effect upon creep re- 
sistance. This is demonstrated by Mr. 
Leontis’ own experience with composi- 
tions 28 and 30 and our experience with 
the alloys ZRE1 and ZRE2. This may be 
due to the suppression of the formation 
of zinc phase when zirconium is present, 
which would in turn prevent the “‘dilu- 
tion’? of the cerium compound by zinc 
compounds at the grain boundary, and 
would enable it to act as if the zinc were 
absent. If Mr. Leontis did not find the 
Mg-Ce-Zn-Zr alloy quite as satisfactory 
as the Mg-Ce binary for creep, then 
judging from the results he quotes for 
other zirconium containing alloys, it 
would seem to be probable that his re- 
sults are unsatisfactory because he has 
not been able to introduce into his alloy — 
the necessary amount of effective zir- 
conium to counteract the zinc. 

In conclusion, we should like to record 
that these differences of experience and 
interpretation apply only to a small part 
of the paper, the majority of which is 
entirely in accord with our own work and 
experience. 

T. E. LEONTIS (author’s reply)—It is 
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gratifying to see that this paper has 
aroused so many interesting discussions 
from our friends in Canada and Great 
Britain. In the following, I shall at- 
tempt to present briefly my views on 
the many questions raised by the various 
contributors. 

Mr. Meier and Mr. Spence have men- 
tioned the properties of binary Mg-Zn 
alloys. It is interesting to note that the 
tensile yield strength of their alloys both 
in the as-cast and in the heat treated and 
aged condition, as shown in Fig 26 of Mr. 
Meier’s discussion, are in reasonably good 
agreement with the values given in Fig 
6, particularly if the curve for the heat 
treated and aged condition is drawn 
through all the points as is done in Fig 
6. In regard to the tensile strength, if 
one looks at the experimental points 
rather than the curves drawn in Fig 26, 
again the agreement is good between the 
two sets of data up to 7.5 pct zinc. The 
absence of a sharp maximum in this 
property between 4 and 6 pct zinc that 
was observed by earlier investigators, as 
' mentioned by Mr. Spence, is noted also in 
Fig 26. The markedly higher values de- 
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FIG 30—Plot of results from Tables 6 and 7 
at 300° and 400°F, and others at 400°F. 


picted by Mr. Meier’s results in alloys 
containing 8 to 11 pct zinc must be 
associated with differences in foundry 
practice. Perhaps the conditions of pre- 
paring the alloys were such as to result in 
a finer grain size and, what is more im- 
portant in alloys containing a_ large 
amount of zinc, in a finer distribution of 
the intermetallic compound. Other fac- 
tors that also may affect the tensile 
strength of Mg-Zn alloys have been cited 
by Mr. Spence. In reply to the question 
about the porosity of binary Mg-Zn 
alloys, my observations of freedom from 
porosity in alloys containing up to 2-3 
pct zinc were made on cast test bars. The 
evidence that Mr. Spence has presented 
indicates that difficulty can be expected 
in larger casting even in the lower zinc 
contents. Attempts made to minimize 
porosity in Mg-6Zn alloy by chlorination 
have not been very successful. 

In line with the observations of Mr. 
Burns, Mr. Meier has reported some still 
more spectacular properties for cast 
ZK60 alloy. Their high strength and duc- 
tility values are associated undoubtedly 
with the very fine grain size that Mr. 


10°4/he 


Meier was able to achieve in his alloys. 
As he has noted, in many of the alloys 
in the paper the zirconium content men- 
tioned is below 0.7 pct, an amount which 
he feels must be exceeded in order to attain 
the finest possible grain size. However, 
alloys prepared recently in which the 
zirconium content exceeded his minimum 
have not confirmed his findings either 
with respect to grain size or properties. 

Turning to the comments of Major 
Ball concerning Mg-Zn-Zr alloys, I was 
very interested to hear of his successful 
application of these alloys in the foundry. 
We have been successful in producing 
certain castings in ZK60 alloy free from 
flux, porosity, and cracking. The flux 
problem can be eliminated by proper 
treatment as discussed above. However, 
difficulties are sometimes encountered 
with porosity and cracking when more 
intricate castings are made from this 
alloy. The ingredients for making up 
these alloys are freely available in the 
United States on the open market. 

The question of room  tempera- - 
ture strength vs. elevated temperature 
strength and creep resistance raised by 
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Table 10 . . . Comparison of Alloys 


Mg + 6Ce Meg + 3Ce Mg + 3.1Zn + 2.7Ce + 
0.45Zr 
| 
TYS TS Pct E AD GS TS Pct E TYS TS 
1000 psi 1000 psi 1 
17.0 20.4 V5 12.4 20.5 8 aa 22:3 
14.9 19.3 7.0 12.9 17.9 4 11.9 21 
14.7 18.6 4.7 11.9 16.8 8 11.6 18.4 
13.4 17.9 11.7 Les 17.9 .0 9.7 14.4 
9.8 14.3 24.2 8.8 13.5 38) 6.7 9.1 


Mr. Martinson is one which is frequently 
asked but it is not answered very often, at 
least not to the satisfaction of designers 
and engineers. Certainly, if a part is to be 
exposed to sustained loads of predeter- 
mined value at elevated temperatures, 
the resistance to creep at those tempera- 
tures would necessarily be the controlling 
factor in design. However, it is always 
necessary to make provision for over- 
loading which may occur during opera- 
tion or during assembling of the part. 
For this reason, it will be found that the 
highest. possible static properties are 
desired both at room temperature and at 
elevated temperatures in order to reduce 
failures to a minimum. Thus, in the selec- 
tion of an alloy for elevated temperature 
service,a compromise may have to be 
made between static properties and creep 
resistance. The answers to questions of 
Mr. Martinson concerning foundry prac- 
tice are as follows: 1. This has been 
answered adequately in reply to Mr. 
Burns’ discussion. 2. We have no data 
from a systematic investigation of this 
effect. There unquestionably is a lowering 
of zirconium content resulting from the 
introduction of iron when Mischmetal 
is added to the melt and it certainly 
would be expected that the degree of 
lowering will be dependent on the amount 
of iron added. 3. The initial alloying effi- 
ciencies of rare earths and zirconium are: 


Pct 
rue ecaunse 20 se 2... ee eae 80-90 
AAC G ONADEIEN A, oh ete ooh yar oreo eto 6 20-40 


4. The losses of rare earths and zir- 
conium in absolute amount upon remelt- 
ing are approximately: 


Rare earthst 2. 55. sri he ane 
ZiWCOMIUM | 45-4 ges oe ee: 
The revivification of rare earths and zir- 
conium is accomplished by adding the 
amount lost after remelting. The addi- 
tions.are made on the basis of the alloying 
efficiencies given above. 

The discussion of Messrs. Jessup and 
Wilson contains many interesting points, 
some of rather controversial nature. I 
was interested to see their results on the 
effect of calcium on the properties of 
Mg-4.5Zn-0.7Zr alloy. 1t will be noted in 
the paper that the claim for an enhance- 
ment of the properties by the addition of 
0.3 pet calcium was made only for the 
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The data are self-explanatory. 


composition Mg-1Zn-0.7Zr. Fig 9 of the 
paper shows that the same addition of 
calcium to Mg-3.5Zn-0.7Zr results, if any- 
thing, in a slight decrease in room tem- 
perature tensile strength. It is apparent 


from these data and those of Messrs. 
Jessup and Wilson that the effect of a 
small addition of calcium to these alloys 
depends upon the zinc content; at low 
zinc contents there is an increase in 
strength which appears to go through a 
maximum between 0 and 3 pct zinc, and 
at zinc contents above 3-3.5 pct zinc 
there is a definite decrease in strength re- 
sulting from the calcium addition. 

The properties of Mg-6Zn-0.7Zr (ZK60) 
and Mg-6Zn-0.5Mn (ZM60) are more 
readily compared in Table 9. With the 
data available at the time of the writing 
of the paper, I cannot see any great dif- 
ferences between the properties of the 
two alloys with the exception of the some- 
what lower ductility of ZM60 at 300 and 
400°F. It is true that higher strengths can 
be attained in ZK60; in fact, considerably 
higher properties than those cited by 
Messrs. Jessup and Wilson have been 
shown by Mr. Meier. As for the foundry 
characteristics of the two alloys, the 
statements made in the paper were based 
on observations from the casting of test 
bars and a few relatively simple castings. 
Since the writing of the paper, more ex- 
tensive tests on the foundry characteris- 
tics both of ZK60 and ZM60 have shown 
that the latter alloy has a much greater 
porosity tendency in larger castings than 
the zirconium-containing alloy. 

Both Major Ball and Messrs. Jessup 
and Wilson have indicated that for ele- 
vated temperature service they would 
favor an alloy of the Mg-Zn-Ce-Zr type. 
It has been the thesis of this paper that 
Mg-Zn-Zr alloys offer a combination of 
room temperature properties equivalent 
to those of the present Mg-Al-Zn com- 
mercial alloys and significantly higher 
creep resistance at elevated temperatures 
than the commercial alloys. Mg-Al-Zn 
alloys have been used widely in parts 
exposed to temperatures up to 300°F. 
‘With the higher resistance to creep of the 
Mg-Zn-Zr alloys, there is every reason to 
believe that these alloys would be satis- 
factory in many parts operating at tem- 
peratures as high as 400°F. 


For applications at temperatures above 
400°F, we in the United States have been 
recommending Mg-Ce alloys. Major 
Ball’s comparison of the laboratory prop- 
erties of ZREI1 alloy with those of E6 
(Mg + 6 pet Ce) alloy as specified in 
AMS4428 is not proper. Specified mini- 
mum properties are always set lower than 
typical values. A more realistic compari- 
son can be made by using laboratory data 
for both alloys. This is done in Table 10 
where the properties of an alloy having 
an analysis similar to that of Major Ball’s 
alloy and those of two Mg-Ce alloys are 


_-presented over a wide temperature range. 


All these alloys are in the heat treated 
and aged condition. 

It is the contention of Messrs. Jessup 
and Wilson that the elevated tempera- 
ture creep resistance of Mg-Zn-Zr-Ce 
alloys is equivalent to that of the Mg-Ce 
alloys. Since the writing of the paper a 
few alloys of the former type have been 
tested in creep at 400°F. The results of 
these tests together with the correspond- 
ing properties of two Mg-Ce alloys are 
tabulated below. All the alloys were 
tested in the heat treated and aged condi- 
tion. In order to present a complete pic- 
ture, the creep limits based on three levels 
of extension are given in Table 11: (1) 
0.1 pet creep extension, (2) 0.2 pet total 
extension, and (3) 0.5 pct total extension. 
I prefer the use of a creep limit based on 
a specified amount of extension to the use 
of an actual creep rate for several rea- 
sons. In the first place, a creep limit can 
be used directly in design calculations. 
Secondly, during creep tests of short 
duration, the creep rate very often does 
not attain a constant value. Thus, such 
creep rates are unreliable for predicting 
behavior in practice. It can be seen from 
the above summary that the best creep 
resistance is offered by Mg + 6 pct Ce 
alloy. This fact, coupled with the superior 
strength of this alloy at elevated tem- 
peratures, renders the material more at- 
tractive than the Mg-Zn-Ce-Zr alloys for 
applications up to 600°F. On the basis 
of the above data, particularly the stress 
values for 0.2 and 0.5 pct total extension, 
it appears that the alloy ZRE1 ap- 
proaches the creep resistance of Mg 
+ 3Ce. Inasmuch as Messrs. Jessup and 
Wilson have presented only creep rates in 
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their discussion, it would be interesting 
to compare their figures with those ob- 
tained in the present tests. The values 
for the Jessup and Wilson alloys given in 
Table 12 were taken from their Fig 30. 
There are apparently wide discrepancies 
between the two sets of data. If creep rate 
were used exclusively for evaluating the 
creep characteristics of the alloys, the 
present author’s results indicate a 
very significant superiority of the Mg 
+ 3Ce alloy over the zirconium-contain- 
ing alloys. 

There is one factor that has not been 
considered as yet. Whereas all the results 
that I have presented were obtained on 
alloys in the heat treated and aged condi- 
tion, there is no mention of any heat 
treatment made by Messrs. Jessup and 
Wilson. Presumably, all their tests were 
performed on material in the as-cast or in 
the as-cast plus aged condition. At the 
present time, I have creep data available 
on Mg + 4.4Zn + 3.7Ce + 0.55Zr at 
300°F in both conditions. These are pre- 
sented in Table 13 together with the cor- 
responding information for Mg + 3.23Ce. 
On the basis of creep limits there is little 
to choose between the two conditions of 
heat treatment, but the creep rates show 
the ACA condition to render the alloys 
somewhat more resistant to creep. The 
Mg-Ce alloy is again superior to the zinc- 
containing alloy both on the basis of 
creep limits and of creep rates in spite of 
the somewhat lower cerium content. 
This information indicates that the lower 
creep rates reported by Messrs. Jessup 
and Wilson may be attributed to their 
testing the alloys in the ACA condition. 
However, this emphasizes the hazards of 
using only the creep rate in evaluating 
alloys for elevated temperature service. 
Inasmuch as the total extension obtained 
is the same in both cases, the lower creep 
rate of the alloys in the ACA condition 
means that more of the extension is ob- 
tained during loading and less during the 
creep test. 

It has been proposed that perhaps the 
lower resistance to creep of the Mg-Zn- 
Ce-Zr alloys used in the present paper 
may be due to our inability to introduce 
a sufficient amount of zirconium in our 
alloys. The zirconium content of most of 
my alloys is admittedly lower than that 
claimed by Messrs. Jessup and Wilson as 
being necessary for attaining the highest 
possible creep resistance. However, refer- 
ence to Table 1 in the paper shows that 
alloy No. 28 has the lowest zirconium 
‘content of the cerium-containing alloys 
and at the same time has been shown to 
have the highest creep resistance. In fact, 
the creep rates of the alloy with no 
zirconium given above are lower than 
those of either of the two zirconium- 
containing alloys. The data show that 
high creep resistance is associated with a 
high Ce/Zn ratio emphasizing again the 
predominant position of cerium in mag- 
nesium alloys for elevated temperature 
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Table 11. . . Creep Limits Based on Three Levels of Extension 
a 


Creep Limit — 1000 psi (400°F) 


0.2 Pct | 0.5 Pct 


asd) AGE Pet Total Total 
raO hee, Extension | Extension 
100 br | in 100 hr | in 100 br 
fe 10.7 9.6 11.8 
Me 1 3338Ce 10.0 8.3 9.9 
Mg + 3Zn + 2.8Ce 7.8 Fiat 8.4 
Mg + 3.1Zn + 2.7Ce + 0.45Zr (ZRE1) Whisk 7.0 9.1 
Mg + 4.4Zn + 1.7Ce + 0.66Zr (ZRE2) 5.8 5.8 7.4 
Mg + 4.4Zn + 2.8Ce + 0.57Zr 6.4 622 8.0 
Table 12... Values of Alloys 
Creep Rate per hr (400°F) 
Mg + 3.1Zn + 2.7Ce + 0.45Zr Mg + 4.4Zn + 1.7Ce + 0.66Zr 
ZRE1 Alloy ZRE2 Alloy 
Stress Present Jessup and Stress Present Jessup and 
psi Data Wilson psi ata Wilson 
7000 a9 <¢ 1054 1.4 XK 1076 6000 6.8 X 1076 2.4 K 1075 
9000 16.9 1076 4.6 X 10-6 7000 18.8 X 1076 aia Gal Aea 
11000 3020: % 10-6 20.0 X 1076 9000 ro) 4 T KOS 


creep resistance. As for the necessity of 
the presence of zirconium to suppress the 
formation of the zinc intermetallic com- 
pound, it has been my observation that 
even small amounts of cerium alone added 
to alloys containing up to 6 pct zinc will 
produce this effect. 

In conclusion, only time and further 
experience can settle current differences 
of opinion on the preferred magnesium 
alloys for either room or elevated tem- 
perature service. Relative costs based on 
the alloying elements used, and the 
foundry efficiencies attained, will cer- 
tainly be a factor. At elevated tempera- 
tures, the actual temperature concerned, 
and the appropriate creep strengths in 
the best condition of heat treatment, will 
affect the decision. An urge for simplicity 
in foundry operations may result in a 
compromise of a few alloys of good 
average properties, rather than more 
alloys each with its specialized field of 
use. 

I would like to thank all the con- 
tributors to the discussion of this paper 
stimulating comments and 
criticism. I shall be looking forward to 
seeing the results of their investigations 
in formal papers. 
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Table 13. . . Creep Data on Mg + 
4.4Zn + 3.7Ce + 0.55Zr at 300°F 


Creep Limit— 
1000 psi (300°F) 


0.2 0.5 

01 Pct Pct 
P< Total | Total 

ct 

Gres Ex- Ex- 
“eP | ten- | ten- 

in . . 
sion sion 

in in 

100 100 

br hr 
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(ATA Ses 


As-cast + Aged (24 hr at 
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Mg + 3.23Ce (HTA) 


Stress 
psi 


Mg + 4.4Zn + 3.7Ce + 
0.55Zr 
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The Low Temperature Properties of Tin 
and Tin-lead Alloys 


By H. S. KALISH and F. J. DUNKERLEY, Junior Members AIME 


DISCUSSION 
(P. R. Kosting and W. A. Johnson 
presiding) 

R. I. JAFFEE*—I should like to am- 
plify the work of Kalish and Dunkerley 
on the basis of some work we did in con- 
junction with the National Lead Co. 
about three years ago, which is to be pub- 
lished in Metal Progress early in 1949. 

In general, we confirmed the statement 
that 50-50 lead-tin is brittle at low tem- 
peratures. However, we investigated the 
lead-rich range, and found, as might be 
expected, that the lead plus 214 pct silver 
alloy and lead-rich lead-tin alloys had 
rather good low temperature properties, 
both in ductility, strength, and in 
Charpy impact values. 

One observation made on alloys be- 
tween the high tin range investigated by 
Kalish and Dunkerley and the high-lead 
range was that alloys with about 15 pct 
tin did not decrease materially in impact 
strength or in ductility, as temperature 
went down to —295°F. This point, it 
seems to us, should be emphasized, since 
the presence of tin, at least up to 15 pct, 
in a lead-tin solder is rather important 
for commercial applications because of 
the improvement tin makes in soldera- 
bility and wetting power. 

J. R. LOW, JR.j}—The authors have 
presented a very interesting paper and 
one of the few describing a systematic 
investigation of the relationship between 
microstructure, composition and low- 
temperature brittleness in a series of 
alloys. 

The only comment I should like to 
make is that I believe the use of the term 
‘ultimate tensile strength” over the full 
range of the curve so labelled in Fig 3 of 


* Battelle Memorial Institute. 
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the paper is misleading. As far as engi- 
neering design is concerned, this is a valid 
use of the term; however, in thinking 
about the mechanical properties of the 
metal, a distinction should be made be- 
tween the quantity measured above and 
below the transition temperature. Above 
the transition temperature the ultimate 
tensile strength is a measure of the stress 
at which necking begins and is therefore 
related to the rate of strain hardening. 
Below the transition temperature, the 
fracture strength of the metal is being 
measured. For this reason the maximum 
ultimate tensile strengths referred to 
throughout the paper are in a sense fic- 
titious maximums, 

H. S. KALISH and F. J. DUNKER- 
LEY (authors’ reply)—The authors wish 
to thank Drs. Jaffee and Low for their 
comments on this paper. From the re- 
sults reported here, we would predict a 
lead-silver alloy containing 214 pct silver 
would remain ductile at low temperatures 
and we are glad that Jaffee’s work con- 
firms this as well as our other work on the 
tin-lead alloys. It might further be specu- 
lated in agreement with Brick and Seigle!® 
that any alloy formed by the combining 
of any two or more face-centered cubic 
metals, such as silver and lead, should 
remain ductile to absolute zero. 

The superior ductility of the 85-15 
lead-tin alloy is indeed important as em- 
phasized by Dr. Jaffee. Again this would 
be predicted if the Tg curve of Fig 11 
were extrapolated to higher lead contents. 
Kostenets!”? found that a tin-lead alloy 
containing 25 pct tin still remained duc- 
tile at —253°C, only 20°C above absolute 
zero. 

We agree with Dr. Low that it would 
have been desirable to separate the so- 
called ultimate tensile strength above Tz 


from that measured. quantity below Tz. 
However, since we did not have true 
stress-strain, yield strength, work harden- 
ing moduli and other fundamental data 
available, we were not able to separate 
all the variables quantitatively and pre- 
ferred to present the engineering tensile 
data in the form most useful to engineers. 
These necessary fundamental data, how- 
ever, are being obtained in this laboratory 
so that a more rigorous analysis of these 
low temperature properties can ulti- 
mately be made. 

Dr. Low is quite right that the rate of 
strain hardening is the most important 
factor in determining the tensile strength 
above T'3, while below Ts the fracture 
strength is the main component. In 
neither case, however, is the strain 
hardening or the fracture stress, respec- 
tively, the only component. For example, 
the ultimate tensile strength, Fig 3, could 
not be labelled fracture strength below 
Tz because considerable ductility re- 
mained to make an appreciable work 
hardening contribution to the tensile 
strength feasible. The necessary qualita- 
tive rationalizations of the tensile data 
of this survey report should be clarified 
and amplified by the forthcoming fun- 
damental data currently being obtained 
in this laboratory. 
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Thermal and Electrical Properties 
of Ductile Titanium 


By E. S. GREINER and W. C. ELLIS, Members AIME 


DISCUSSION 
(P. R. Kosting and W. A. Johnson 
presiding) 
P. DUWEZ*—We would like first to 
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congratulate the authors for a very inter- 
esting piece of work on a difficult subject. 
We have been studying the thermal ex- 
pansion of pure titanium for some time 
and have found the coefficient of expan- 
sion between room temperature and 


800°C to agree closely with the value 
given by the authors. We are particularly 
interested, however, in the thermal ex- 
pansion anomalies accompanying the 
a = 8 allotropic transformation. 

On specimens machined out of a: bar 
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manufactured by the vapor deposition 
process (obtained from Foote Minerals) 
we have observed a contraction on heat- 
ing and an expansion on cooling, both 
around 880°C. The change in length 
varied somewhat from sample to sample, 
but was about 0.05 pct. This anomaly in 
the expansion curve was almost negligible 
on heating and completely absent on 
cooling when the bar was cold worked 
(reduction of area about 30 pct) before 
the test. The same experiments made on 
sintered titanium (from Bureau of Mines 
powder) did not reveal any thermal ex- 
pansion anomalies. 

We would like to ask the authors if they 
have made any measurements of thermal 
expansion across the a, 8 critical tem- 
perature and we would appreciate very 
much their comments on the subject. 

W. C. ELLIS and E. 8S. GREINER 
(authors’ reply)—The discussion by Pro- 
fessor Duwez of the volume changes in 
the 885°C transformation as evidenced 
by linear expansion measurements is 
particularly interesting and the addi- 
tional data are welcomed. The authors 
made similar measurements on Bureau 
of Mines titanium (magnesium-reduced) 
but did not report the results in the 
paper because of uncertainty as to their 
significance. In these experiments there 
was always a volume decrease on heating 
through the transformation but no de- 
tectable discontinuity on cooling. The 
result was a shortening of the specimen 
as it was cycled through the transforma- 
tion. The cause of the shortening was 
tentatively assigned to a further sintering 
of the expansion specimen in traversing 
the transformation. This was possible 
since the expansion specimen was only 
approximately 75 pct reduced in area 
from the sintered compact and could 
reasonably be expected to contain a dis- 
tribution of fine voids. 

Sintering of the expansion specimens 
during test in the temperature range 
below 800°C, for which data were given in 
the paper, was insignificant, since the 
slopes of expansivity on heating and cool- 
ing in this temperature range were nearly 
identical. At the transformation tempera- 
ture, however, because of the spontaneous 
rearrangement of atoms the facility for 
sintering appears to be greatly increased. 

B. W. GONSER*—The authors did a 
very fine job, and everything is very much 
in order for the work that was covered. 

My discussion is a little broader than 
the subject covered by the paper, but it is 
activated by noting the purity or type 
of titanium used. This whole subject of 
titanium purity is becoming very in- 
volved because of the difficulty of defin- 
ing the metal which is used as the base 
for many fundamental investigations. 

The Bureau of Mines powder, of course, 
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is not nearly as pure as that produced by 
iodide refining. Likewise, even iodide 
titanium varies quite widely in anaiysis. 
As measured by hardness, for example, it 
may go all the way from a Vickers hard- 
ness of 60 to 115. Therefore one should 
define very closely the base material used 
to give an indication of what the proper- 
ties are going to be. This is involved 
because of the difficulty of determining 
many constituents. Particularly the non- 
metallics, as oxygen, nitrogen, or carbon, 
are difficult to determine, and yet are 
very profound in their effects. 

I think if more fundamental work is 
done on titanium it should be done with 
very well defined iodide titanium, or even 
purer metal if there is a better method of 
making it, to get consistent results on a 
reasonably sound base. 

This choice of base material is im- 
portant because so much is being done 
with titanium on different bases and 
results can be confusing. A lot of work is 
probably going to have to be done over 
again from time to time with titanium of 
improved purity. 

J. T. MILEK*—Did the authors ob- 
serve the phenomenon which J. D. Fast 
and DeBoer, I believe, observed in their 
experiments with zirconium wire, that is, 
by impressing a de current voltage on a 
zirconium wire one can change the wire 
from an embrittled wire to a ductile wire? 
The explanation given by the authors is 
that the oxide and/or nitride which cause 
the embrittlement in the wire are trans- 
ported to one pole—I believe it was the 
cathode. While the above work was car- 
ried out on zirconium, did the authors 
observe the same phenomenon with the 
titanium wire? 

Communicated: This phenomenon was 
observed by J. H:. DeBoer and J. D. 
Fast and reported in Rec. Trav. Chim., 
Vol. 2, pp. 161-167, (1940). DeBoer and 
Fast reported that as a piece of brittle 
zirconium containing oxide is placed 
under a high vacuum and a de potential 
of such a magnitude that the wire attains 
a temperature of approximately 900°C, 
the oxygen will migrate through the bar 
and collect at the anode. This migration 
can be reversed any number of times by 
changing the polarity of the current. 
Ductility can be restored through the 
cathode by such treatment. 

While the above phenomenon has been 
observed in zirconium metal it is not un- 
reasonable to assume that it can occur in 
titanium metal, or perhaps by a stretch 
of the imagination, even in titanium 
alloys. This latter process may find com- 
mercial applications. 

W. A. JOHNSON }—I find the results 
given in Fig 3 for the variation of the re- 
sistance with temperature rather interest- 
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ing, since above the transformation tem- 
perature the resistivity seems to decrease 
with rising temperature. 

This is a rather uncommon behavior, 
and I wonder whether possibly the trans- 
formation does not occur quite as rapidly 
as is indicated, and this decrease in re- 
sistivity perhaps is simply a gradual 
transformation with an increasing amount 
of a lower resistance phase. 

W. C. ELLIS—Dr. Gonser brought up 
the matter of the purity of the metal 
which was investigated. It was not high 
purity in the sense of some of our more 
usual metals, as shown by the analyses in 
the paper. I agree with Dr. Gonser that 
it is desirable to carry out fundamental 
investigations on metals of high purity. 
However, in view of the increasing com- 
mercial importance of titanium and the 
fact that the methods which produce the 
high purity titanium are expensive and 
have produced only small quantities in a 
lot, we think there is good reason to have 
data on the properties of magnesium- 
reduced titanium. 

Mr. Milek brought up a very interest- 
ing fact. Ionic transport is not only 
found in impure zirconium, but is of 
general interest in other alloy systems. 
We ordinarily think of electrical conduc- 
tion as electronic in metals, but in some 
metal systems there is good evidence 
that there is a transport by one of the 
ions. Data have been reported on trans- 
port of carbon in steels by applying dc 
voltage. 

In answer to Mr. Milek’s question, no 
experiments of this character were made 
in our work on titanium. 

Mr. Johnson discussed the unusual 
occurrence of a decrease in electrical re- 
sistivity with temperature in the high 
temperature phase of titanium. The 
authors are also mystified by this, but 
believe that it is a real effect, and not the 
result of a slow transformation. On cy- 
cling the specimens through the trans- 
formation a number of times, the tem- 
perature of the transformation as shown 
by the electrical resistivity data occurred 
always at the same level. 

J. L. WYATT *—In line with this dis- 
cussion which has been completed, would 
you mind telling us how long you held 
your specimens at temperature before 
taking your measurements above 885°C. 

E. S. GREINER—The sample used 
for the electrical resistance measurements 
at temperatures above 885°C was main- 
tained at the respective temperatures for 
15 to 30 min. Stabilized conditions for 
the measurement at the respective 
temperatures were established by the 
obtaining of essentially constant val- 
ues of the resistance in two successive 
determinations. 
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Property Changes during Aging 


By A. H. GEISLER Junior Member AIME 


DISCUSSION 
(P. R. Kosting and W. A. Johnson 
presiding) 

P. MELARA*—Dr. Geisler, would you 
say that the physical properties of tensile, 
yield, and ductility for an aluminum alloy 
aged at room temperature are comparable 
to the physical properties obtained by the 
aging at elevated temperature of the same 
alloy? I would consider the aging at room 
temperature to be for an indefinite period 
of time, for example, ten, twenty, or even 
fifty years. 

A. H. GEISLER (author’s reply)— 
I think that the properties which could 
ultimately be obtained by aging at room 
temperature can be predicted from those 
developed by aging at elevated tempera- 
tures. Although 50 years is probably not 
long enough for the strength of an alloy 
like 24S to attain that provided by aging 
at elevated temperature, eventually the 
strength on aging at room temperature 
should be greater. If a finite rate of pre- 
cipitation obtains, I see no reason why 
room temperature should be any excep- 
tion from the conventional. behavior that 
the maximum strength or hardness and 
the time to attain it both increase with 
decreasing temperature of isothermal 
aging. Care must be exercised, however, 
to compare analagous portions of the 

_ aging curves; changes during the first few 
days of aging at room temperature may 
correspond to the initial hardness peak 
(as in the case of 24S alloy) whereas the 
main portion of the curve for elevated 
temperature aging corresponds to the 
second hardness peak. 

J. B. HESS}—My comment involves 
a minor, and probably obvious point in 
connection with Dr. Geisler’s description 
of the mechanism of “‘discontinuous pre- 
cipitation,” which he calls the “grain 
boundary reaction.’’ According to the 
present viewpoint, this reaction is funda- 
mentally recrystallization, with complete 
decomposition of the matrix accompany- 
‘ing the recrystallization. The author sug- 
gests that this recrystallization results 
from plastic strains produced by prior 
precipitation at the grain boundary areas. 
~ A characteristic feature of the aging of 
magnesium base alloys is the onset of the 
grain boundary reaction at a very early 
stage of the process. In fact, metallo- 
graphic and electron microscopic studies 
tempt one to believe that grain boundary 
precipitation in these alloys is of the 
pearlitic form, and therefore typically of 
the recrystallization type, from the very 
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start. Based upon the hypothesis of prior 
precipitation, it is also difficult to ration- 
alize the fact that the recrystallization 
reaction frequently proceeds from the 
grain boundary into only one of the ad- 
joining grains. 

Fortunately another source of the 
strains to initiate recrystallization sug- 
gests itself. Thermal contraction is 
anisotropic in magnesium, so that in 
polycrystalline samples this property 
should produce strains during cooling 
from the solution heat treatment, identi- 
cal in character to those reported to pro- 
duce fatigue by thermal cycles in tin, 
cadmium, and zinc. While no evidence of 
thermal fatigue in magnesium has been 
reported, so that the severity of such 
strains in magnesium are probably less, 
still I have been able to demonstrate 
their existence by use of Barrett’s X ray 
microscopy technique. 

The grain boundary reaction has also 
been reported to be almost the exclusive 
type of precipitation in tin alloys con- 
taining bismuth (J. E. Burke and C. W. 
Mason: Trans. AIME (1942) 147, 300) 
where thermal contraction strains should 
be more severe. 

Accordingly, the mechanism of ‘“‘dis- 
continuous precipitation”’ should prob- 
ably be generalized to include recrystalli- 
zation resulting from strains other than 
those of prior precipitation. 

A. H. GEISLER—Perhaps the pre- 
cipitation strains are not always responsi- 
ble for the recrystallization reaction but 
quenching strains in anistropic metals 
may sometimes contribute. On the other 
hand, these could hardly account for the 
reaction frequently observed with alloys 
of the isotropic metals Al, Cu, and Fe. In 
addition, I do not think that the existing 
data are sufficient to conclude that the 
recrystallization reaction can progress in 
the absence of general precipitation in 
any alloy system. 

I appreciate the usefulness of the elec- 
tron microscope in extending the resolu- 
tion of precipitates but some of the exist- 
ing replica techniques do not permit full 
utilization of this increased resolution. I 
would not conclude that general pre- 
cipitation was absent without consulting 
X ray patterns of single crystals. While 
a minimum quantity in excess of a few 
percent by volume must be present in 
order to detect the precipitate by X ray 
diffraction, the restricting particle size 
may be well below that for electron 
microscopy as currently applied to metals. 

A slight misstatement of my conclu- 
sions regarding the recrystallization re- 
action should probably be clarified. 
This process is presumed to result from 
plastic strains produced by precipitation 
throughout the grains, not at the grain 


boundaries alone. It is nucleated at grain 
boundaries not because of preferential 
precipitation here but because the activa- 
tion energy is lower much as in the cases 
of localized precipitation and the decom- 
position of austenite into pearlite. I see 
no difficulty in rationalizing the mor- 
phology of the recrystallized nodules; it is 
identical with that of pearlite. Growth 
into only one of two adjoining grains sug- 
gests a favored orientation relationship 
between the distorted matrix and the re- 
crystallized matrix analogous to a recrys- 
tallization texture. 

F. C. HULL*—One of the previous dis- 
cussers asked whether long time aging at 
room temperature would be comparable 
to a shorter period at an elevated tem- 
perature. I believe the results as judged 
from physical property tests might be 
very similar, but that if one could count 
the number and size of ‘‘coherent”’ re- 
gions and precipitated particles, a dif- 
ference would be found. In the case of 
the isothermal transformation of aus- 
tenite to pearlite at subcritical tem- 
peratures, it bas been found that the rate 
of nucleation increases more rapidly with 
undercooling than the rate of growth.+ At 
low transformation temperatures, there- 
fore, the austenite reacts to form a larger 
number of smaller pearlite nodules. Nu- 
cleation and growth in age hardening 
systems might behave in a_ similar 
manner. 

A. H. GEISLER—It is generally 
agreed that the rate of growth of the pre- 
cipitate as controlled by rate of dif- 
fusion decreases with aging temperature 
whereas the rate of nucleation as con- 
trolled by both the rate of diffusion and 
degree of undercool goes through a 
maximum with decreasing temperature of 
isothermal precipitation. Thus, complete 
precipitation results in more numerous 
but smaller particles at the lower aging 
temperature, a condition which has: been 
assumed to be responsible for the greater 
ultimate hardness and strength. 

W. A. MUDGE{—I do not think we 
should allow the chairman to close this 
meeting without an expression of grati- 
tude for the excellent work which has 
been done in this case by Dr. Geisler. 
It is only through such careful work as 
this that we may hope to understand 
eventually what happens in the compli- 
cated commercial age-hardening alloys, 
particularly those of high melting point, 
such as the nickel-base material, where 
age hardening is accomplished by two or 
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three elements. I hope that Dr. Geisler 
and his associates will at some future time 
have an opportunity to study these more 
complicated systems. 

A. H. GEISLER—While studies of the 
mechanism of precipitation have been 
confined in the past to binary alloys for 
simplicity, they are now being extended 
to multi-component alloys. The first step 
has been considered alloys in which only 
one phase precipitates but eventually it 
will be desirable to study alloys in which 
two or more phases can precipitate 
simultaneously. 

R. A. RANDEBAUGH*—It has been 
suggested by Bain that quench hardening 
might be considered a special case of age 
hardening, the properties as quenched 
being compared to the maximum proper- 
ties in age hardening alloys, quenched and 
subsequently aged to develop optimum 
precipitated particle size. 

I wonder if the author has given any 
consideration to the application of his 
theories to quench hardenable alloys? 

A. H. GEISLER—Yes, the concept of 
coherency and the characteristics associ- 
ated with this state have been considered 
for other reactions in solid solutions. The 
work in progress is concerned with super- 
lattice formation but the eutectoid reac- 
tion will be investigated also. Current 
consideration of the martensite reaction 
as a nucleation and growth process and 
recognition of the product as a coherent 
transition lattice will facilitate the 
analogy. 

A. GUINIER{—It is obvious that in 
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the regions where the concentration of for- 
eign atoms becomes abnormally high, the 
matrix lattice is more or less disturbed. 

On the other hand, the evidence 
indicates in many cases that it is not 
possible to describe the structure of these 
zones as the structure of the precipitate 
with slight changes due to the size of the 
nucleus and the coherency with the 
matrix lattice. 

For instance, in Al-Cu alloys,*®® the 
streaks, visible on the X ray patterns 
(with monochromatic rays) in the early 
stages of aging, split, in a further stage, 
into diffuse spots definitely different from 
the spots of the 94’ precipitate. That 
means that the structure of the “‘G.P. 
zones’’ cannot be considered as an im- 
perfect 6’ structure. 

In Al-Ag or Al-Zn*° alloys, the begin- 
ning of the aging is characterized by the 
fact that each node and also the center of 
the reciprocal lattice is surrounded by the 
same scattering zone which has the 
shape of a spherical shell. Such a diffrac- 
tion effect is quite different from the one- 
or two-dimensional diffraction effects 
quoted by Dr. Geisler. This effect cannot 
be explained on the basis of the structure 
of the precipitate (Zn or Al-Ags); but 
it is very easily accounted for by the 
hypothesis of nuclei enriched in solute 
atoms and keeping without great change 
the structure of the matrix lattice. 

Recent reports show that the zones of 
gathering of the solute atoms are by no 
means always plate-like, but that they 
also can be nearly spherical.4! 

A. H. GEISLER—The discussion so 
kindly submitted by Dr. Guinier is con- 
cerned witb the interpretation of diffuse 
X ray diffraction effects, a subject that 


was not discussed in the present paper 
but was considered in detail in Ref 7’. 
Unfortunately, the latter was not yet in 
print when the present paper appeared. I 
entirely agree that the diffraction effects 
do not always suggest plate-like particles 
but change gradually as one, then two 
and finally three dimensions of the par- 
ticle become adequate for sharp diffrac- 
tion through normal growth at anisotropic 
rates. On the other hand, the evidence 
mentioned for Al-Cu alloys is no criterion 
for concluding that the structure causing 
the diffuse diffraction effects is different 
from the 6’ structure. Results for an 
Al-Mg-Si alloy described in Ref 7 show 
that while spots in patterns for thin 
platelets do not coincide with those for 
large particles of precipitate, the con- 
figurations in reciprocal space determined 
by the analysis of not one but of many 
patterns are intimately related. In this 
case there is no question that the diffuse 
diffraction effects originate in a structure 
similar to that of the thick precipitate 
particles rather than the matrix. A possi- 
ble explanation of the spherical zone of 
diffraction about matrix nodes of Al-Ag 
and AJl-Zn alloys based upon structure of 
the precipitate is discussed in the cited 
reference. 
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Factors Affecting the Tensile Notch Sensitivity 
of Magnesium Alloy Extrusions 


By I. CORNET, Member AIME 


DISCUSSION 
(P. R. Kosting and W. A. Johnson 
presiding) 
J. €. McDONALD*—The type of 
work presented here by Professor Cornet 
had its origin in field observations which 
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seemed to indicate that magnesium was 
more notch sensitive than aluminum. As 
it was shown in our previous ASTM 
paper!! and as confirmed by Professor 
Cornet’s results, the static notch sensi- 
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tivity of wrought magnesium is similar to 
that of wrought aluminum. As shown in 
our ASTM paper, the field observations 
noted above were actually a consequence 
of the greater toughness of the high 
strength wrought aluminum alloys com- 
pared to the wrought magnesium alloys. 
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Effect of Grain Size on Tensile Strength. 
Elongation, and Endurance Limit 
of Deep Drawing Brass 


By H. L. WALKER, Member AIME, and W. J: CRAIG 


DISCUSSION 
(A. I. Blank and E. W. Palmer presiding) 


A. I. BLANK *—This paper is a valua- 
ble addition to the published data on the 
effect of grain size on endurance proper- 
ties of deep drawing brass sheet. Previous 
investigators”’ of annealed wrought cop- 
per alloys have dealt mainly with the 
commercial ranges of grain size, and it is 
interesting to note that the data ‘pre- 
sented in this paper for commercial grain 
sizes closely confirm the earlier findings. 
This is probably the first time, however, 
that endurance properties for deep draw- 
ing brass of less than 0.010 mm grain size 
have been reported. Full advantage 
should be taken of the high endurance 
strength which is associated with these 
very small grain sizes. 

As the authors have pointed out 
briefly, however, such grain sizes provide 
less ductility for forming purposes and, in 
addition, it will be appreciated that very 
small grain sizes are not too readily ob- 
tained in ordinary commercial practice. 
Special processing schedules and precise 
contro! of even nominal impurity content 
would normally be required to produce 
such grain sizes consistently and without 
the danger of incomplete recrystallization. 
These limitations are not intended, how- 
ever, to detract from the merit of the 
authors’ contribution. 

H. L. WALKER (authors’ reply)—The 
specimens upon which this work was 
conducted are from normal commercial 
production. The mill does not find it to 
be such a difficult task to control the 
grain size rather closely and the specifica- 
tions call for a rather small variation in 
grain size. I should say the smaller grain 
sizes can be controlled within + 0.002 
mm diam. It is important to know the 
effects of ready-to-finish grain size and 
the amount cf final cold reduction, and 
especially the latter. We have not en- 
countered difficulties in securing complete 
recrystallization during the final anneal. 
The times and temperature of annealing 
are such that coalescence does not readily 
take place, which gives considerable 
flexibility in the annealing schedule. 1 
should again like to point out that brass 
with the grain sizes reported here is being 
produced commercially. 

L. W. GLEEK MAN}{—I trust Profes- 
sor Walker will not find me overbearing 
when I bring up a topic he said was not 
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going to be developed in this paper. That 
was with regard to the effect of grain size 
on tensile strength and grain size. 

I notice your Fig 3 does not go beyond 
the value of grain size of 0.024 mm diam. 
I was curious as to whether the curve of 
elongation vs. grain size would show a 
maximum elongation at an intermediate 
grain size. My reason for this is that 
work I did on a 14-carat gold alloy 
showed that the elongation rose to a 
maximum at a grain size of 0.025 mm and 
then fell off rather appreciably at higher 
grain sizes. I recall that Jeffries and 
Archer? and also D. K. Crampton,?? 
showed similar results for elongation 
versus grain size. 

I wonder if elongations for the two 
larger grain sizes were reported, would 
yeu get that maximum and subsequent 
decrease? 

H. L. WALKER—Professor Gleekman 
is not overbearing in asking the question. 
We felt that the larger grain sizes with 
respect to tensile strength and elongation 
had already been reported in the litera- 
ture a number of times. I should expect 
the elongation to reach a maximum value 
and then decrease with very large grain 
size. The tensile strength would not 
however reach a minimum value and then 
increase with increased grain size. 

E. W. PALMER*—I have a couple of 
points that I would like to bring up. One 
of them is concerned with the fact that 
starting with an initially small grain size 
and giving fairly heavy reductions is a 
very fine way to develop directionality 
in a material. I am wondering if Professor 
Walker cares to comment on what influ- 
ence directionality might bave had on 
his work, especially with respect to the 
direction of test of a fatigue specimen. 

There is another point. In explanation 
of some of the annealing curves, there is 
some discussion of a recovery period. If 
this starting material were stress relief 
annealed to start with, I am puzzled as 
to what you mean by “‘recovery period,” 
in Fig 1. 

H. L. WALKER—With respect to the 
production of directionality I wish to 
comment that we believe the rolling 
schedule affects the production of direc- 
tionality. In tbe paper as originally 
written the rolling schedule was specified, 
but the reviewers declared it to be unim- 
portant and it was deleted from the 
manuscript. The .rolling schedule does 
affect directionality and stresses. We have 
found that some alloys prone to fire 
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cracking during annealing may have the 
tendency to fire crack mitigated with 
proper adjustment of the rolling schedule. 
The diffraction patterns after recrystalli- 
zation, and the tensile strength at 45 and 
90° to the direction of rolling did not 
indicate any marked degree towards di- 
rectional properties. 

As to recovery, I consider recrystalliza- 
tion ‘phenomena cover three distinct 
processes, the first called recovery, the 
second called recrystallization, and the 
third called coalescence. 

Recovery I take to mean when in the 
X ray diffraction pattern there is a 
sharpening of the lines without appear- 
ance of any other visual changes. In other 
words, I believe there is a bringing to- 
gether of the atoms into positions which 
give much sharper lines. Some may call 
this the incubation period for recrystalli- 
zation. There may be the establishment 
of nuclei, but if so, they are not apparent 
from a diffraction pattern nor are they 
visible under the microscope. 

The second process, recrystallization 
itself, I would define as the production of 
strain free grains through nucleation and 
growth, and strain free grains growing at 
the expense of strained grains for the 
establishment of an essentially strain free 
structure. 

The third process, coalescence, is the 
growth of strain free grains at the expense 
of other strain free grains, and probably 
the driving force, or the energy exchange, 
is surface energy. 

E. W. PALMER—With regard to re- 
covery, would not that process of relief 
of strain on an atomic scale have occurred 
already in the strain relief anneal given 
to the material with which you started? 

H. L. WALKER—Certainly some 
would have taken place. There is no 
question about that. But it does not 
necessarily indicate that it was complete, 
because I believe that recovery did take 
place in the series of anneals shown in 
Fig 1. 
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A Copper-base Alloy Containing Iron as a 
High-strength High-conductivity Wire Material 


By W. HODGE, R. I. JAFFEE, Junior Member AIME, J. G. DUNLEAVY and H. R. OGDEN 


DISCUSSION 

(A. I. Blank and E. W. Palmer presiding) 

P. G. MAGANUS*—The type of work 
we do is in the resistance welding field, 
and we are wondering if this particular 
alloy might not be satisfactory in the 
making of these particular machines we 
have in mind. We would like to know 
what the magnetic properties of this par- 
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ticular alloy are. In other words, if put in 
the field on current, we would like to 
know whether or not it would heat up. 

W. HODGE (authors’ reply)—I can- 
not give a definite answer to your ques- 
tion. The alloy we know is ferromagnetic. 
As to applying it to the application about 
which you have asked, we have done no 
experimental work along that line. 

L. PESSEL*—What are the fatigue 
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properties of the alloy? 

W. HODGE—We have actually made 
no fatigue tests on the alloy. 

P. G. MAGANUS—I thought about 
melting and casting. I also happen to be a 
foundryman. I was wondering what this 
‘“‘Riser-X’”’ was. The authors have it in 
quotes. Is that an iron base? I would 
imagine so, since it is exothermic. 

H. R. OGDEN (authors’ reply)—Yes, 
it is. 


A High Strength-High Conductivity 
Copper-silver Alloy Wire 


By W. HODGE, R. |. JAFFEE, Junior Member, J. G. DUNLEAVY and H. R. OGDEN, Junior Member AIME 


DISCUSSION 
(A. I. Blank and E. W. Palmer presiding) 

W. HODGE—Since this paper was 
written the Signal Corps has sponsored 
the commercial development of this alloy. 
Work was carried out by the American 
Brass Co. under the able direction of R. 
D. Hull, and we are quite certain now 
that it is possible to produce an alloy of 
644 pct silver which will have high 
strength and high conductivity. 

M. G. CORSON*—I am not in the 
habit of congratulating authors and I am 
quite sure they are in no need of congrat- 
ulations, but I am glad that due to their 
efforts silver might become far more use- 
ful technically than it is today. 

The characteristics of Cu-Ag alloys 
intrigued me long ago and it is now more 
than ten years since I broached the sub- 
ject to the late W. H. Bassett of the 
American Brass Co. J did not experiment 
to such a great extent as the present 
authors did, nor did I get highly precise 
and uniform results. I saw, however, that 
with as little as 3 pct silver one might 
have copper conductor wire with over 
100,000 psi strength and a conductivity 
of 90 pct. Besides, such wire is immune 
to permanent softening when exposed to 
a temperature up to 450°C. 

Mr. Bassett could not see my sugges- 
tion from the commercial viewpoint, for 
obviously a wire with 3 pct silver would 
cost at least double the price of ordinary 
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copper. It is a fact that OFHC copper in 
spite of all its advantages has hard sled- 
ding because its price is about one cent 
higher per pound. This cost question will 
form an enormous stumbling block in the 
way of Cu-Ag alloys, but I hope the 
future belongs to it. 

By the way, I also suggested such uses 
of copper to the Mexican government, 
for that country could produce far more 
silver if there were a demand for it. My 
suggestion was not even honored with a 
reply. It is ridiculous that silver cannot 
have a definite price because it is obtained 
mostly as a byproduct, and the price of 
silver depends upon the arbitrarily fixed 
value of residues from copper, lead and 
zine production. If we were not still under 
the spell of the idea that silver is a 
precious metal of an inherently high price, 
the latter might (and should) drop enor- 
mously and silver would become just a 
technical metal; that is where it belongs. 

Regarding the degassing of Cu-Ag 
alloys I should suggest to the authors 
that they try blowing into the molten 
alloy first a stream of carbon monoxide in 
order to eliminate oxides and oxygen, 
then a stream of dry, oxygen-free nitro- 
gen to remove whatever CO is retained. 
I found the method to work well in a 
number of cases. 

P. J. MAGANUS*—TI am in full agree- 
ment with Mr. Corson on the fact that 
these alloys are rather expensive, because 


* Progressive Welder Co. 


we have worked with these alloys, too, in 
an experimental foundry that we have. 
If it were not for the fact that the stuff 
costs around 80 cents a pound, we prob- 
ably could use it also in the resistance 
welding field. 

One of the questions that I have is the 
fact that, in our foundry, when we used 
magnesium as a deoxidizer it also acted 
as a hardener all right, but it has the 
effect of absorbing gases or at least we 
get a lot of porosity when we have mag- 
nesium. When we forget to add magne- 
sium and add other deoxidizers such as 
lithium or calcium borate or some of the 
other deoxidizers that work pretty well, 
we do not have that trouble. Can the 
author give us an idea? 

In Fig 1 he gives the conductivity of 
these various elements and how much 
they depress the copper. I was wondering 
what magnesium does. In other words, I 
know that in the work we have done mag- 
nesium can knock down our conductivity 
to around 80 to 85 pct of copper, and 
with this conductivity we feel that we 
should not use it. Has the author some 
information on that? 

W. HODGE (authors’ reply)—The 
point you brought up, of porosity caused 
by magnesium, is very pertinent. In the 
laboratory we did not have trouble from 
porosity caused by magnesium, presum- 
ably because of the small melt. 

When we attempted to cast larger 
ingots for cold rolling, the porosity caused 
by magnesium ruined our entire first 
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attempt, and Mr. Hull, of the American 
Brass Co., finally decided to throw some 
borax on top of the melt, and by so doing 
he was able to get rid of most of the 
porosity caused by magnesium. Otherwise 
we could not have cast the alloy in the air 
at all. It would have had to be cast quite 
in a protected atmosphere. 

On the other point on conductivity, I 
could only refer you to a rather old 
article by M. G. Corson, in which he de- 


scribed the effect of magnesium copper 
alloys. I think it was written in about 1930 
and occurs in the AIME Transactions. 

E. W. PALMER*—I should like to 
congratulate the authors on the very fine 
development work that has resulted in 
these two new high-strength high-con- 
ductivity alloys. 

The situation in copper-silver and 
copper-iron was gone over carefully years 
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ago, looking for precipitation hardening 
effects. When no hardening was dis- 
covered, the systems were dropped. 

The discovery by Mr. Hodge and his 
co-workers, that these precipitation har- 
dened matrices have enormously high 
rates of work hardening tbat permit them 
to be drawn to very high strength is of 
fundamental importance, and the authors 
deserve a great deal of credit for this 
development. 


The Effect of Chromium on the Ms Point 


By J. B. BASSETT and E. S. ROWLAND, Junior Member AIME 


DISCUSSION 
(C. S. Smith and A. R. Troiano presiding) 

A. E. NEHRENBERG*—From the 
practical viewpoint it is not particularly 
important whether 1 pct chromium lowers 
the Ms temperature of steels containing 
1 pet carbon 65°F as indicated by the 
data just presented, or about 40°F as 
shown by Klier and Troiano.? This is 
because such high carbon steels are not 
austenitized commercially at a _ high 
enough temperature to dissolve all of the 
carbides present. In such cases the actual 
Ms temperature is considerably higher 
than one would predict on the basis of 
the known effects of the alloying elements 
present. However, it is somewhat dis- 
turbing that there should be this disagree- 
ment among these investigators. Perhaps 
a few comments on this discrepancy 
would be in order. 

It seems to this discusser, in spite of 
the arguments of the authors to the con- 
trary, that the possibility exists that the 
time allowed for the hot oil quench used 
for temperatures below 350°F may not 
have been long enough to permit the 
specimens to reach the bath temperature 
before they were tempered. It may be 
significant that in the authors’ Fig 6 
which shows the relation between the Ms 
point and chromium content for the two 
carbon levels studied, the five points 
which do not agree with published data 
all were obtained using hot oil for the 
initial quench. For the compositions 
which have Ms temperatures high enough 
so that molten salt could be used for their 
determination, there is good agreement 
with published data, even at the 1 pct 
carbon level. It is recognized, however, 
that there is one point based on a hot 
oil quench which does not deviate from 
the expected value. 


——$$_—_ 
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In their paper Klier and Troiano? indi- 
cated that steps were taken to establish 
that the temperatures of the quenching 
baths used were attained. There is no 
indication that this was done in the in- 
vestigation just described. Therefore this 
discusser is inclined to agree with Klier 
and Troiano that 1 pct chromium lowers 
the Ms temperature of steels no more 
than about 40°F irrespective of variations 
in carbon from about 0.40 to 1.3 pct. 

It is of interest to compare the Ms 
points reported in the present paper with 
calculated values. Formulas which have 
been proposed for calculating Ms tem- 
peratures contain factors for carbon 
which vary from 540 to 650.139 The 
significance of this variation in the carbon 
factor can be established if common fac- 
tors are assigned for each of the alloying 
elements in these formulas other than 
carbon. 

The Ms temperatures shown in Table 6 
were calculated by using the Grange- 
Stewart and the modified Payson-Savage 
formulas with common factors of 70 and 
40 for Mn and Cr, respectively. The 
effect of the residual Si and Ni was 
neglected. 

It will be noted that when the carbon 
content is about 0.50 pct the difference in 
the carbon factor used in these formulas 
has no effect on the accuracy of the cal- 
culated Ms temperature, and that there is 
good agreement with the measured val- 
ues. The maximum deviation is only 20°F. 
When the formula containing tbe higher 
carbon factor is used 9 of the 12 steels 
have calculated Ms points which differ by 
only 10°F or less from the measured 
values. When the formula containing the 
lower carbon factor is used the calculated 
Ms temperatures of 10 of the 12 steels 
differ by no more than 10°F from the 
measured values. 

At the 1.0 pct carbon level, however, 
calculations based on the formula having 
the higher carbon factor tend to be con- 


siderably lower than those based on the 
one with the lower carbon factor, as the 
table indicates, and do not agree as well 
with the measured values. 

Earlier in this discussion it was sug- 
gested that the Ms temperatures shown 
for the five higher chromium steels might 
be low. If that is so, there would be even 
better agreement between calculated and 
measured Ms points for the modified 
Payson-Savage formula than the table 
indicates and a greater deviation for the 
Grange-Stewart formula. Be that as it 
may, the results as they stand indicate 
that the modified Payson-Savage which 
contains the lower carbon factor appears 
to be more satisfactory at this high car- 
bon level. Additional data which confirm 
this fact were presented in my discussion 
of the Grange-Stewart paper. 

The carbon factor used in the Grange- 
Stewart formula is based on data pub- 
lished by Greninger’ and by Digges!! 
which showed that 1 pct carbon in pure 
iron-carbon alloys lowers the Ms tem- 
perature 650°F. The carbon factor in the 
modified Payson-Savage formula was 
also based on data published by Gren- 
inger!® which showed that 1 pct carbon 
in commercial iron-carbon alloys cor- 
rected to 0 pct Mn lowers the Ms tem- 
perature 540°F. Since these differences 
in the carbon factor were reported by a 
single investigator it seems reasonable to 
conclude that the impurities present in 
carbon steels have an effect on the rate 
of lowering of the Ms temperature with 
increasing carbon. 

Grange and Stewart in the closure to 
their paper! also presented data to show 
the effect of variations in carbon on the 
Ms temperature of carbon steels. These 
data and those of Greninger, corrected to 
0 pet Mn, are plotted in Fig 7. There is 
good agreement among these investiga- 
tors. Grange and Stewart not only con- 
firm that 1 pct carbon lowers the Ms tem- 
perature of commercial steel 540°F, but 
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also show that the effect of carbon is not 
linear above about 1 pct. The rate of 
lowering of the Ms temperature with in- 
creasing carbon above 1 pct gradually 
decreases so that a correction based on 
Fig 7 must be made if the Ms tempera- 
ture for a steel containing more than this 
amount of carbon is to be calculated. 

It cannot be emphasized too strongly 
that Ms temperatures can be calculated 
only when the austenitizing temperature 
is sufficiently high so that there are no 
residual carbides present. Since this gen- 
erally occurs commercially in only the 
medium carbon steels where either of the 
formulas discussed above is equally ac- 
curate, it usually makes little difference 
whether one or the other is used for the 
calculation of the Ms temperature. How- 
ever, it should be remembered that the 
effect of carbon in commercial steels is 
somewhat less than the Grange-Stewart 
formula implies. 

If it is desired to calculate the Ms tem- 
peratures of steels containing 1 pct car- 
bon only the modified Payson-Savage 
formula can be used to obtain values 
which will be reasonably accurate. 

The authors conclude that “‘as far as 
steels containing chromium are con- 
cerned, no simple formula is adequate for 
the accurate calculation of Ms points.” 
This is contradicted by the fact that 
there is reasonable agreement with the 
authors’ own data when the Ms tempera- 
tures are calculated using the modified 
Payson-Savage formula. Furthermore, 
data presented in my discussion of the 
Grange-Stewart paper showed that the 
agreement between calculated and meas- 
ured Ms temperatures was remarkably 
good for the chromium steels 5140 and 
52100 and for the 1 pct carbon steels con- 
taining from 1 to 9 pet chromium studied 
by Klier and Troiano. 
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FIG 7—Effect of carbon on Ms temperature of carbon 
steels. Variations of carbon in plain carbon steels between 
about 0.2 and 1 pct lower the Ms temperature at the rate of 


540°F per 1 pct carbon. 


A. R. TROIANO*—There seems to be 
some question about the disagreement in 
the rate of lowering of Ms with chromium 
in the high carbon steels. Did the authors 
make any grain size determinations, or 
could they tell us approximately what 
the grain size was? In the work that Dr. 
Klier and I did, we had exceptionally 
large grains, and since we now know that 
the grain size may change Ms by as much 
as 35°C, it is possible that the disagree- 
ment may be caused by this phenomenon. 
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Table 6... Effect of Carbon Factor on Calculated Ms Temperatures 


Calculated Ms Deviation 

Stel | C | Mo | Si | Ni | Cr | Measured! sao (a) | 650 (6) 

Ms, °F Carbon | Carbon Cc oe Cc bats 
Factor, Factor, ee on oe On: 
oF oF actor Factor 

1 0.53 0.79 | 0.30 0.12 | 0.01 590 590 600 0 +10 
2 0.505 | 0.79 | 0.29 0.12 | 0.24 586 590 605 +4 +19 
a) is Ons hk 0.79 | 0.30 0.11 | 0.51 575 580 595 +5 +20 
(2) | 0.46 0.80 | 0.355 | 0.14 | 0.56 610 605 625 —5 +15 
4 0151 0.80 | 0.28 0.12 | 0.74 575 570 585 5) +10 
5 0.505 | 0.79 | 0.29 O12 - 1.03 570 560 575 — 10 +5 
6 0.495 | 0.77 | 0.29 O-12' | 1527 565 555 570 =—10 +5 
ef 0.50 0.80 | 0.28 0.12 | 1.54 555 545 560 —10 +5 
8 0.47 0.80 | 0.355 | 0.21 | 2.09 555 535 555 —20 0 
17 0.485 | 0.34 | 0.24 0.11 | 1.05 620 600 620 —20 0 
18 0.48 O35") 10,25 OL} 1.32 600 595 610 —5 +10 
19 0.48 0.34 | 0.26 OF LS le As. 595 590 605 —5 +10 
9 1.075 | 0.33 | 0.30 0.12 | 0.01 330 325 275 —5 —55 
10 0.95 0.35 | 0.24 OREN) 0.27, 400 380 350 —20 —50 
11 (1) | 0.965 | 0.35 | 0.255 | 0.10 | 0.53 380 365 330 —15 —50 
(2) | 0.965 | 0.35 | 0.34 0.12: |). 0.55 365 365 330 0 —35 
12 0.97 0.35 | 0.26 0.11 | 0.78 335 350 315 +15 —20 
13 0.97 0.35 | 0.24 0.12 | 1.04 330 340 305 +10 —25 
14 0.965 | 0.35 | 0.28 0,12) 128 313 335 300 +22 —13 
15 0.96 0.36 | 0.265 | 0.12 | 1.54 300 325 290 +25 —10 
16 0.97 0.37 | 0.35 0.13 | 2.05 275 300 265 +25 —10 


(a) Ms (°F) = 930 — 540 C — 70 Mn — 40 Cr (Based on Payson-Savage Formul 
(b) Ms (°F) = 1000 — 650 C — 70 Mn — 40 Cr (Based on Grangesstewakd Bones 
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If the authors had a smaller grain size, 
the deviation would be in the right 
direction. 

E. S. ROWLAND (authors’ reply)— 
The authors are indebted to the discussers 
of this paper for their comments and 
criticisms. 

First, in answer to Mr. Nehrenberg. we 
fear that he missed the implication con- 
tained in the opening paragraph of the 
paper in regard to the effect of small 
variations in chromium content on the 
Ms temperature. The curve of Fig 11 of 
the Grange and Stewart! paper indicates 
that the effect of chromium on Ms might 
be very much greater than previously 
anticipated in the range of chromium 
contents normally expected to be in 
solution in the austenite of SAE 52100 at 
its commercial austenitizing temperature 
(about 1550°F). It was conceived possible 
that small variations in austenitizing 
conditions might produce a significant 
shift in the martensite temperature range 
if the above curve expressed the true 
relationship. Mr. Nehrenberg is right in 
stating that the difference between 40 and 
65°F per 1 pet chromium is unimportant 
but an effect two or three times either of 
these values at low chromium contents 
would have been important. As it turned 
out, the relationship between chromium 
and Ms temperature is undoubtedly 
linear and this effectively disposes of any 
such arguments. 

Mr. Nehrenberg’s second criticism is 
much more serious since it throws doubt 
upon the validity of all the data obtained 
by questioning the fact that the speci- 
mens actually reached the quenching 
bath temperature. In the first place, the 
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_ Specimens used were rough cut to the 


sizes indicated in the text but by the time 
they were cleaned up by hand grinding, 
the actual sizes were about 345 in. square 
and 52 in. square, respectively. Never- 
theless, actual cooling times were obtained 
ong X  X Win. long specimens, after 
austenitizing at 1800°F, during a salt 
quench at 350°F. This work was done by 
welding 24 ga thermocouples to each of 
two specimens and connecting them to 
two channels of a Hathaway 12 channel 
recording oscillograph. The strings had a 
dc sensitivity of 55 mm per mil amp at 
1 meter distance and a natural frequency 
of 400 cycles per sec. The results showed 
that both specimens were within 10°F 
(about the experimental error of the de- 
termination) of the bath temperature in 
4 sec. 

At several times during the investiga- 
tion, the smaller specimens were checked 
against the larger, using the austenitizing 
conditions and quenching times in both 
salt and oil described for the high carbon 
steels. In all cases the results were identi- 
cal. Furthermore, both oil and salt were 
used interchangeably in the range of 300 
to 350°F with the same results on many 
check runs. Finally, duplicate specimens 
quenched together using the oscillograph 
produced differences in temperature of 
25°F when only 50°F above the bath 
temperature and separate runs showed 
even greater deviations. It is believed 
that these data support the contention 
that reproducibility of results is a satis- 


factory indication that the specimens 
have actually reached the quenching bath 
temperature. So many variables enter 
into the actual quenching operation that 
reproducibility is out of the question if 
the specimen is removed from the bath 
while still above the bath temperature. 

Mr. Nehrenberg also criticizes our 
statement that no simple formula will 
suffice to express the relationship between 
the effects of carbon and chromium on the 
Ms temperature and in defense of his 
objection shows that the modified Pay- 
son-Savage formula will predict the Ms 
points: within 25°F. Our statement was 
based on the fact that the effects of car- 
bon and chromium on the Ms points of 
these steels are interdependent and not 
independent as formulas of the Payson- 
Savage and Grange-Stewart type assume. 
Either or both may arrive at a reasonable 
prediction by a series of compensating 
errors, but a more complex formula would 
obviously be required to express accur- 
ately the true relationship between car- 
bon and chromium in this regard. 

In answer to Dr. Troiano’s question 
regarding the grain size of the specimens 
after the austenitizing treatment, sam- 
ples of 1.5 pct chromium steel were 
heated for 20 min. at 2100°F and iso- 
thermally transformed at 1300°F for 3 
min. to delineate the grain size. The re- 
sulting ASTM grain size was No. 2. We 
are unable to assess this result in terms of 
Dr. Troiano’s statement of “‘exception- 
ally large grains” obtained in his work. 


Since the manuscript for this paper was 
submitted, both Dr. Troiano and Dr. 
Cohen have shown an effect of grain 
size on Ms. Since high austenitizing tem- 
peratures are necessary for the complete 
solution of high carbon chromium steels, 
coarse grain size is unavoidable and its 
effect on Ms difficult to separate from 
carbide solution since both are changing 
simultaneously. Our only pertinent ob- 
servation in this regard was that with 
increasing austenitizing temperature, the 
Ms became constant shortly after the 
complete disappearance of carbide in 
the quenched microstructure and did not 
change upon a further increase of aus- 
tenitizing temperature of 100°F. 
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The Kappa Eutectoid Transformation in the 
Copper-silicon System 


By W. R. HIBBARD, JR., Junior Member, G. H. EICHELMAN, JR., Student Associate AIME, and W. P. SAUNDERS 


DISCUSSION 

(C. 8. Smith and A. R. Troiano presiding) 
Cc. S. SMITH*—The authors refer to 
some earlier work of mine containing 
reference to the pearlitic structure of 
these alloys. It should, perhaps, be 
_pointed out that the two-phase structure 
most reminiscent of pearlite is formed 
when gamma precipitates from super- 
saturated alpha phase or from an alpha- 
kappa mixture rich in alpha. This is not 
a eutectoid decomposition involving 
three different phases, but is a case of 
discontinuous precipitation involving two 
phases (one, however, possibly of two 
different compositions). It seems not un~- 
likely that a typical nearly-parallel-plate 
form of pearlite occurs only when there 
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are three interfaces of approximately 
equal energy meeting at the advancing 
boundary of the transformed alloy. When 
alpha forms from kappa in an oriented 
manner, the resulting interface is of ex- 
tremely low energy and the gamma phase 
can co-precipitate with alpha without the 
constraint of the third interface. 

c. S. BARRETT*—Dr. Smith re- 
cently gave me a set of samples of copper- 
silicon alloys that I have been X raying 
after different heat treatments. The in- 
vestigation is not yet completed, but it is 
already clear that the decomposition of a 
sample of homogeneous kappa into alpha 
plus gamma on cooling below the eutec- 
toid temperature is crystallographically 
very different from the precipitation of 
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alpha from kappa on heating above 
600°C. The diffraction patterns in the 
two cases are as strikingly different as 
the appearance of the microstructures, 
and in the way one might expect from the 
microstructures: there are normal recip- 
rocal lattice points for all phases after 
the eutectoid transformation, but after 
the precipitation, which produces the 
remarkable striations in the microstruc- 
ture that Dr. Smith has reported,® re- 
ciprocal lattice points are often seen that 
are greatly elongated. Elongated points 
are found after only one minute at a 
precipitation temperature of 750°C but 
none is found after times up to 45 hr at 
500°C. 

A. R. TROIANO*—Dr. Barrett has 
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raised an interesting point. Care must be 
taken in generalizing the term “pear!- 
ite” if one is going to draw the analogy 
with steel. One may have very pearlitic- 
looking microstructures that do not 
originate from the eutectoid decomposi- 
tion of the parent phase. 

W.R. HIBBARD, JR. (authors’ reply) 
—Dr. Smith has emphasized a point which 


the authors failed to realize, perhaps be- 
cause it is somewhat difficult to under- 
stand how kappa, even in an alpha-kappa 
structure, can decompose to plate-like 
alpha and gamma without involving the 
eutectoid transformation (see Fig 20 of 
Ref. 5). 

Dr. Troiano’s caution regarding the use 
of the term ‘‘pearlite’’ is most timely. 


The striated structure of alpha and kappa 
formed above 600°C from kappa de- 
scribed by Dr. Barrett obviously is not a 
eutectoid structure, since gamma is 
not involved, and it probably looks 
more “twin’’-like than “pearlite”-like, . 
anyway. 


Stabilization of the Austenite-martensite 


Transformation 


By W. J. HARRIS, JR., Junior Member, and M. COHEN, Member AIME 


DISCUSSION 
(C. S. Smith and A. R. Troiano presiding) 


A. R. TROIANO*—This paper is full 
of new observations. 

It is very interesting to me to see that 
now we Can rationalize why in some cases 
one may observe stabilization without 
any decomposition at all. I. distinctly 
remember how in the laboratories at 
Notre Dame we found this phenomenon 
and then tried to check it in other steels 
and it did not seem to be there. We were 
beginning to wonder if the original 
determinations were valid. Now we can 
see good reasons why it was not observed 
in all steels. ; 

I wonder if the authors would care to 
state just how general the relationship 
between o;, and M, might be. 

Cc. S. BARRETT +— Our investigation 
of the transformation in lithium and 
lithium-magnesium alloys, which is some- 
what like the martensite transformation 
in steels,'4 is continuing. We are using an 
improved X ray diffraction unit that has 
been built by D. F. Clifton to see whether 
there is stabilization of the high tempera- 
ture phase on cooling, and to investigate 
further a bebavior that looked like 
stabilization of the low temperature form 
during reversion to the high temperature 
form on heating. Detailed information of 
this kind for the lithium transformation 
should be quite helpful in arriving at 
sound theories of stabilization. 

B. S. LEMENT{—I just want to 
point out that even though stabilization 
of austenite can result from quenching to 
and holding at some temperature below 
os, the extra austenite at room tempera- 
ture is not stabilized against room tem- 
perature transformation. The reason for 
the apparent contradiction has been 
pointed out by Dr. Morris Cohen in his 
Campbell Memorial Lecture. There are 
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two different mechanisms involved in the 
transformation of austenite to marten- 
site. On cooling the transformation prob- 
ably occurs by a process of nucleation 
and shear; whereas the isothermal trans- 
formation at room temperature probably 
occurs by growth of the existing marten- 
site plates. Any extra austenite that re- 
sults from stabilization on cooling to 
room temperature behaves quite simi- 
larly to the other retained austenite with 
regard to isothermal transformation at 
room temperature. If more austenite is 
retained, more transformation occurs on 
aging at room temperature. This pbe- 
nomenon is of great importance from the 
standpoint of dimensional stability of 
tool steels. 

L. D. JAFFE*—The authors have 
certainly done a fine job in clarifying and 
establishing many points only suggested 
by previous work. On one matter, how- 
ever, there seems to be some disagree- 
ment. The authors’ Eq 1 indicates that 
for constant percent martensite (P), 
M.-T is a constant. In other words, all 
curves of percent martensite vs. tem- 
perature are the same, except for a uni- 
form shift along the temperature axis. 
This is not in accord with the data of 
Grange and Stewart,?° obtained by tech- 
nique similar to that of authors. As the 
writer has pointed out,?° these data indi- 
cate that M,-T increases as M, de- 
creases. Can the authors throw any light 
upon these apparently contradictory 
findings? 

It may be noted that the discrepancy 
just mentioned does not affect the au- 
thors’ conclusion that all the (unstabi- 
lized) martensite transformation curves 
conform to a single function, in which M, 
is the only metallurgical variable. This 
same conclusion was, indeed, drawn by 
the writer in the discussion cited.26 

M. COHEN (authors’ reply)—The o, 
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relationships that Dr. Troiano has in - 
quired about seem to hold for the follow- 
ing ranges of composition: 0.75 to 1.35 
pet carbon, 0-514 pct nickel, and 0-3 pct 
chromium. These limits are not definitely 
fixed and may be extended when future 
work is done on additional steels. How- 
ever, considerable deviation may be ex- 
pected when the composition is changed 
radically, as in the case of high speed 
steel. 

We agree with Dr. Barrett that his con- 
templated studies on lithium and lithium- 
magnesium alloys will have a significant 
bearing on the theory of stabilization. 
For example, in working with steels, we 
are inclined to wonder about the role of 
carbon in the stabilization process, 
whereas if true stabilization occurs in a 
high-purity metal, one may well question 
the importance of solute elements in the 
phenomenon. 

Mr. Lement is entirely correct in em- 
phasizing that the term stabilization used 
in this paper refers only to the inhibition 
of the cooling austenite-martensite trans- 
formation. The increment of retained 
austenite resulting from stabilization is 
subject to isothermal transformation in 
the same sense as normal quantity of 
austenite retained in the absence of 
stabilization. In fact, this is one of the 
main reasons for suspecting that the iso- 
thermal transformation of austenite to 
martensite?’ may occur, at least in part, 
by the growth of existing plates, rather 
than by the formation of new ones as in 
the cooling transformation. 

It is worth repeating here that the o, 
temperatures determined in this paper 
are all based on holding times of 14 hr. 
At the moment, the relation between o, 
and holding time is not known. However, 
regardless of this possible variation, the 
main trends should persist, with stabiliza- 
tion becoming more pronounced, the 
larger the amount of martensite present. 

Dr. Jaffe rightly points out that dis- 
crepancies exist between the martensite 
transformation curves presented here 
and those of Grange and Stewart. No 
positive explanation is available at the 
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moment, although it should be pointed 

out that the method used by the latter 
investigators was only semi-quantitative. 
The form of the transformation curves 
as given by Eq 1 is identical with the 
one found by Howard? for carbon con- 
tents ranging from 0.75 to 1.35 pet. On 
the other hand, Grange and Stewart 
covered a wider range of carbon contents, 
and their data may indicate trends that 
are not detectable in a more limited series 
of compositions. However, according to 


our experience, quantitative measure- 
ments are quite difficult in the lower 
carbon steels and may lead to question- 
able results even when lineal analysis is 
employed. 
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Secondary Hardening of Tempered 
Martensitic Alloy Steel 


By W. CRAFTS, Member AIME, and J. L. LAMONT 


DISCUSSION 
(C..S. Smith and A. R. Troiano presiding) 

R. BALLUFFI* and M. COHEN*— 
In the tempering research conducted at 
M.I.T., carbide precipitation from mar- 
tensite or retained austenite has never 
been found to produce an expansion. 
Consequently, the expansion effects of 
Fig 11 and 12, attributed by the authors 
to alloy carbide precipitation, are of some 
concern to us. We have observed such 
expansions, but have accounted for them 
on the basis of retained austenite de- 
composition. The authors have not used 
this explanation because they assumed 
that the retained austenite in their sam- 
ples had been reduced to negligible 
amounts by previous refrigeration in 
liquid oxygen. 

With the cooperation of the authors, 
we undertook a critical experiment to 
settle this issue. The authors kindly sent 
us four of the alloy steels under con- 
sideration, of which we selected the fol- 
lowing two for test: 


Designa- Pet | Pct | Pet | Pct | Pct 
tion | Heat Mn| si | Cr | V 
Gr 4-24 | 0.52} 0.37} 0.19)11.73 
Ni 4-257] 0.48) 0.54) 0.12 2.02 


Two dilatometric specimens of each com- 
position were austenitized at 2300°F 
(1260°C) for 12 min.{ and quenched in 
oil. One of each was immediately re- 
frigerated in liquid nitrogen. All four 
specimens were then subjected to di- 
latometric runs, covering the significant 
range of 600-1300°F in 2 hr. The results 
are plotted in Fig 22 in a manner analo- 
gous to that of Fig 11. 

The expansion effect is definitely smal- 
ler for the refrigerated steels than for the 
as-hardened steels. This clearly suggests 
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FIG 22—Dilation on heating 0.5 pct carbon, chromium 
and vanadium steels, after oil quenching from 2300°F and 
after refrigeration in liquid nitrogen. 


that the expansion phenomenon is the 
result of retained austenite decomposition 
inasmuch as the refrigerated specimens 
undoubtedly contain less retained aus- 
tenite than the as-hardened ones. If the 
expansion during tempering were caused 
by carbide precipitation from the mar- 
tensite, the refrigerated specimens should 
exhibit at least as much expansion as the 
as-hardened ones, and probably slightly 
more because of the martensite increment 
produced by the cold treatment. It is also 
worthy of note that the tempering expan- 
sion of the refrigerated specimens repre- 
sents a sizable fraction of the expansion of 
the as-hardened specimens. This means 
that the cold treatment does not convert 
anything like all of the retained austenite. 


These findings should not reflect upon 
the authors’ conclusions as to the cause of 
secondary hardening in the 0.50 pct car- 
bon steels under study here. While the 
retained austenite decomposition should 
not be ignored, we quite agree that alloy 
carbide precipitation plays an important 
role in the secondary hardening observed. 

D. J. BLICKWEDE*—I would like to 
point out to the authors two phenomena 
which occur during the isolation of car- 
bides from steels that might affect their 
electron micrographs. 

One is that carbon in the matrix does 
not ionize during electrolysis. Instead it 
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either comes down as free amorphous 
carbon or reacts with hydrogen to form 
hydrocarbon gases. The presence of free 
amorphous carbon might affect the elec- 
tron micrographs. 

The second phenomenon occurs in the 
case of alloy steels, in which particles of 
the matrix material—that is, the steel 
itself—remain undissolved and will come 
down with the carbide precipitate. Thus 
it is quite likely that pieces of matrix ma- 
terial itself could be the carbide residue 
and show up in the electron micrographs. 

W. CRAFTS (authors’ reply )—The ex- 
amination of isothermally transformed 
bainite should be very informative. A 
preliminary survey of bainite specimens 
has indicated that the carbide structures 
are exceedingly fine and probably quite 
complex, so that a good deal of difficulty 
in experimental technique and interpreta- 
tion may be anticipated. It is expected 
however, that electrolytic extraction of 
the carbides may provide a useful tool 
for furthering our understanding of the 
nature of bainite. The carbide of a 3 pct 
chromium steel in the bainitic condition 
was found to change on tempering from 
Fe;C to Cr;C3 in about the same tem- 
perature range as steel in the martensitic 
condition, but the specimens were not 
examined to determine the appearance of 
the carbides during the transition. In 
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view of the apparently complex nature 
of the carbides in bainite, it might be ex- 
pected that the transition might not be 
as simple and straightforward as in tem- 
pered martensitic steels. 

Inreference to the discussion by Robert 
Balluffi and Morris Cohen it should be 
noted that the analyses given in their dis- 
cussion represent the same steels that are 
shown in Fig 11. By an oversight these 
specimens were indicated in the text to 
have come from the same heats as those 
used for the metallographic investigation. 
The dilation tests indicate that the larger 
amount of residual austenite in the un- 
refrigerated specimens increased the 
amount of dilation on heating in the 
1000-1300°F range. It is also quite 
probable that the refrigerated specimens 
contained an amount of residual aus- 
tenite that was too small to be detected 
in our tests. However, it is felt that a 
more positive test should be made before 
eliminating the possibility that the ex- 
pansion is in part due to transition of the 
carbide phase. As is pointed out, the 
actual amount of retained austenite is too 
small to affect significantly the con- 
clusions regarding the effect of transi- 
tion to alloy carbide on the rehardening 
phenomenon. 

In electrolytic extraction, as stated by 
D. J. Blickwede, a certain amount of car- 


bide is decomposed to hydrocarbons and 
amorphous carbon. The attack occurs 
largely during electrolytic solution of the 
metal and, although subsequent solution 
by the electrolyte has been substantially 
eliminated, the recovery of carbide is 
never complete and in slightly tempered 
specimens may be quite low. Thus, the 
carbide residue is only a partial repre- 
sentation of the total amount and indi- 
vidual carbide particles may be altered 
from their original condition. The X ray 
indications, therefore, may be incomplete, 
but positive results may be accepted, and 
the appearance of the carbides parallels 
the collateral properties sufficiently well 
to give a credible confirmation that the 
observed structures are significant. Rela- 
tively little difficulty due to undissolved 
particles of matrix material has been 
encountered in steels that are free from 
large amounts of residual austenite and 
the presence of metallic iron in the residue 
has been found to be a useful criterion of 
retained austenite. Undissolved carbides 
and matrix material sre too coarse to 
present any difficulty in the electron mi- 
croscope examination. Although elec- 
trolytic extraction requires careful ex- 
perimental technique, it offers a means of 
examining carbide structures that is much 
more revealing than methods of examin- 
ation suitable for solid specimens. 
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The Effect of High Copper Content 
on the Operation of a Lead Blast 


Furnaee, 
Copper 


A. A. COLLINS,* Member AIME 


When we speak of high copper on a 
lead blast furnace we think in terms of 
4 to 5 pet, or any lead charge carrying 
over | pet. Any copper on charge will 
produce its corresponding troubles such 
as lead well, extra slag losses, drossing 
problems, and the working up of the 
dross. 

This is indeed a very interesting sub- 
ject and one that used to give the old- 
time lead metallurgists such as Hiler, 
Hahn and Iles many worries, not so 
much in the actual operation of the 
blast furnace but in the working up of 
the copper. When the American 
metallurgists commenced with the 
American rectangular-shaped lead blast 
furnace in the 1870’s and got away from 
the reverberatories such as were in use 
in Germany and other parts of the 
world, they went to greater tonnages, 
as 80 to 100 tons per day in comparison 
to the 20 to 30 tons per day in the other 
processes. é 

With the greater tonnages along with 
insufficient settling capacity, the silver 
losses in some cases were increased. 
Hence the lead-fall was low, for there 
were no leady concentrates in those 
days to assist the metallurgist to gain 
lead or an absorber for the precious 
metals; and in some cases copper sul- 
phides were added intentionally to the 
charge to produce a copper matte to 
lessen the silver losses through the 
dump slag. The operators in those days 
thought that where some copper was 
always present in the lead ores the 
copper should not enter into the re- 
duced lead and alloy with it. This, by 
the way, is just the reverse of our 
present-day practice, when we try to 
put all of the copper into the blast fur- 
nace lead and to remove the same 
through the drossing kettles. Therefore 
the furnace was operated to produce a 
certain amount of matte or artificial 
sulphides, since, due to the great 
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and Treatment of the 
and Lead Produced 


affinity of copper for sulphur, any cop- 
per present would eater the matte al- 
most completely. Thus, the lead 
bullion produced was practically free 
from copper. 

The products of the furnace were 
metallic lead or lead bullion, containing 
85 to 95 pct of the lead and about 96 pct 
of the silver which were in the ore—a 
lead-copper-iron matte which contained 
nearly all the copper in the ore and the 
slag, the waste product. 

In the United States, up through the 
year 1892, we find the small furnace 
100 X 3214 in. with 12 tuyeres, some 6 
on each side, plagued with a small 
amount of poorly roasted sulphides— 
either from heap or hand roasters that 
produced matte. 

This matte was roasted and if poor in 
copper was returned for the ore smelt- 
ing. Otherwise it was smelted either 
alone or with additions of rich slags or 
argentiferous copper ores, the products 
being lead and a highly cupriferous 
matte, the latter being subsequently 
worked up for its copper. 

The lead metallurgists kept trying 
and improving on furnace and roasting 
equipment designs until we find Malvin 
W. Iles constructing at the old Globe 
Plant at Denver what came to be the 
modern furnace. That is, in 1900 he 
built a furnace of 42 in. width by 140 in. 
at the tuyeres with a 10 in. bosh and a 
16-ft ore column. This type has been 
more or less standard to the present 
time, though modified in width and 
length to meet the demand for large 
tonnages and improvements in struc- 
tural details. In 1905 at Cananea, 
Mexico, Dwight and Lloyd developed 
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the present down-draft sinter machine 
that has meant so much in producing 
a well-processed material for the lead 
blast furnace. 

In 1912 Guy C. Riddell came forth 
with double roasting at the East 
Helena Plant of the American Smelting 
and Refining Co., which removed the 
“zinc mush plague.” Incidentally, with 
the introduction of double roasting, 
which most lead plants were forced 
into after 1924, when lead flotation 
came into its own, less matte or no 
matte was produced. 

When this stage arrived, the copper 
was forced into the dross and the 
casting of lead at the blast furnace 
lead-wells was stopped. In plants with 
a fair copper carry 1 pct or better on 
the blast furnace charge, the lead wells 
became inoperative once the produc- 
tion of matte stopped. The copper 
drosses clogged the lead wells and even 
with bombing, either water or dyna- 
mite, the operators could not keep 
them open. Thus, the lead wells were 
abandoned in some plants, such as at 
the El Paso and Chihuahua smelters 
of the American Smelting and Refining 
Co., and all lead taken out through 
the first settlers. 

The elimination of sulphur, espe- 
cially sulphide sulphur, from the blast 
furnace charge and the nonproduction 
of matte resulted in a great saving of 
time, energy and equipment in the 
recirculation of the copper. 

With the copper content in the 
dross and dross-fall ranging in quan- 
tities from a few percent up to 60 pct, 
such as at El Paso, a drossing problem 
was created. 

As the old-time operators hated 
dross and buried the same in the 
shipping bullion, the modern metal- 
lurgists from 1925 on decided that with 
increasing dross-falls they would have 
to adopt the lead refiner’s ideas of 
drossing kettles with subsequent treat- 
ment of the lead with a sulphur addi- 
tion to have the shipping lead of 0.01 
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pct copper content or less. 

With the cleaning up of the bullion 
and thus the copper remaining in the 
lead smelters, the dross reverberatory 
was developed at the Selby Plant of the 
American Smelting and Refining Co. 
and brought to its present stage of 
development by Mr. O. P. Chisholm, 
the former superintendent of the East 
Helena Smelter. 

Since 1925, when the real flotation of 
lead sulphide commenced, the concen- 
trators have gone in some cases from a 
10 to a 64 pet lead in the lead concen- 
trates, and the copper has also in- 
creased in the same concentrates, in 
some cases up to 14 pet. Consequently, 
the lead smelters have received a con- 
siderable amount of copper in these 
lead concentrates. 

These higher copper-lead concen- 
trates along with complex copper, zinc, 
lead ores after roasting give a high cop- 
per charge to the lead blast furnaces, 
say up to 5 pet, and have in no way re- 
tarded the furnace speeds. On the con- 
trary, the furnace tonnages have 
increased. The copper minerals con- 
tained in the original ores and concen- 
trates have been mainly chalcopyrite 
and chalcocite and have assisted in 
producing a good, fast-smelting sinter 
at the blast furnaces. The copper sul- 
phides have retarded the lead fusion 
and permitted a greater degree of zinc 
sulphide roasting. Thus, the copper sul- 
phides have aided in sintering. 

Therefore, high copper on a lead 
blast furnace, if in the form of a well 
roasted sinter, will not cause any trou- 
ble in the working of the furnace. 

Copper in the form of dross, when 
added to a lead furnace and necessitat- 
ing a sulphur addition for matte mak- 
ing, will foul a furnace and cause it to 
work inefficiently. Any sulphides added 
raw to matte out the copper in com- 
bination with zinc will produce a zinc 
mush, along with accretions and an 
irregular working of the blast furnace. 

Any copper on the furnace charge 
with the present-day double roasting 
will go either to the speiss, lead or slag, 
the amount depending upon the arsenic 
on charge, as the speiss and the slag 
losses will depend upon the quality of 
the sinter. 

The blast furnace speiss production 
will vary from plant to plant, depend- 
ing upon local conditions and the 
amounts of copper and arsenic on the 
charge. I well remember at the El Paso 
smelter for the years 1939 through 1944, 
with an average of about 0.6 pct 
arsenic on the furnace charge, that no 
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speiss was produced with over 1.5 pct 
copper on charge. However, with 
under 1.5 pet copper we always showed 
some speliss. 

The copper in the blast furnace 
speiss can be reclaimed through the 
dross reverberatory, using the iron ar- 
senide in the speiss as a collector for 
more copper or else the iron speiss can 
be ball-milled and roasted for arsenic 
and the resultant calcine worked up in 
a copper reverberatory or blast furnace. 

The copper slag losses were in no 
way affected by the speiss-fall. 

For our present-day roasting pro- 
gram, the degree of roasting can be 
ascertained by the amount of copper in 
the slag. I have a rule of thumb that 
the copper on charge multiplied by 0.16 
should give the percent of copper in the 
furnace slag. Any amounts below this 
figure indicate excellent roasting. 

The furnace lead with a heavy dross- 
fall will be hotter and cause extra 
troubles from the dross separating in 
transfer pots, along with a greater 
strain.in the lead receiving kettles due 
to heavy accretions formed on sides of 
the kettles and necessitating more fre- 
quent barring down of the same. Fre- 
quently at El Paso, with its heavy 
dross-fall, I have seen a full 65-ton 
kettle show about 20 tons of lead after 
the drossing operations. The reduction 
in no way will affect the quantity of 
dross produced. 

Blast furnace lead containing its cop- 
per in the form of dross and varying 
from a few percent up to, say, 60 pct 
will be deposited on the surface of the 
lead in the drossing kettles and will be 
worked up in either one of three ways, 
viz: 1. Fluxing with soda ash in the 
dross reverberatory. 2. Using the ar- 
senic in the blast furnace speiss as the 
collector of copper in the dross rever- 
beratory. 3. Fluxing with silica and 
using a sulphide as a collector for the 
copper. 

The coppery products from the re- 
verberatory, such as the matte and 
speiss, can be sent direct to a copper 
department; or the speisses, especially 
of soda, can be roasted with an irony 
diluent for arsenic elimination and the 
resultant calcine sent to the copper 
department. 

The benefits from copper in a lead 
smelter are as follows: 

1, Better sinter and a good furnace 
tonnage, especially if chalcopyrite. 

2. Ifa baghouse is used to collect the 
sinter fume, the bag life will be aided 
by copper as a more alkaline dust will 
be produced at the sinter machines 


with slightly more fume. 

3. Copper has a great affinity for 
arsenic and will prevent the arsenic 
from entering the lead bullion. I have 
seen the reduction badly off on a lead 
furnace, even up to 2.5 pet lead in the 
slag, with 4 pet copper and 2 pct arsenic 
on the furnace charge, yet the bullion 
was below 0.1 pct As. 

The problems from copper are as 
follows: 

1. Lead wells are apt to be useless 
and on high copper charges, with the 
lead removed through the first settlers, 
the copper will cause a hotter lead and 
probably result in more frequent tap- 
hole changes. 

2. More dross-fall and creating prob- 
lems at the drossing kettles. 

3. More cost at dross reverberatory 
to work up the dross. 

4. Higher metal losses in dump slags. 


Conelusions 


1. Copper will not affect the opera- 
tion of a lead blast furnace, if in the 
form of a well roasted sinter; but if 
contained as a dross, definitely it will. 

2. Copper will not affect the fume or 
flue dust production on the blast 
furnace. 

3. Copper will not affect the reduc- 
tion-on a lead blast furnace. 

4. Copper will affect the second- 
aries produced—thus more dross-fall. 

5. Copper will affect the slag losses. 

6. Copper will affect and produce a 
hotter lead. 

7. Copper will affect and cause lead- 
well trouble. 

Thus, it is preferable to remove 
copper at the lead concentrators and 
make a copper concentrate which can 
be shipped to a copper smelter. In this 
way, the copper losses will be consider- 
ably lessened, for a lead plant will show 
possibly a 10 pet copper loss depending 
upon conditions, against a copper 
smelter’s loss of, say, 2 pet. In addi- 
tion to the extra losses in the lead 
plant, one must consider the higher as 
well as additional processing costs 
which are incurred when any copper is 
routed into a lead works, since any 
copper into a lead smelter must event- 
ually be sent to a copper plant to be 
worked up into blister copper. 

Therefore, to conclude this paper, 
the writer believes that with the pres- 
ent high metal prices the benefits, such 
as are obtained in the sinter and the 
baghouse aids, are apt to be outbal- 
anced by the increased costs for process- 
ing and the metal losses. 
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JOHN CHIPMAN,* Member AIME 


There is no better way of paying 
tribute to the memory of a scientist 
than by developing and carrying for- 
ward those ideas which he has con- 
tributed to science and which are for 
us the very essence of his immortality. 
For a lecturer who has not had the 
great privilege of studying under Pro- 
fessor Howe or even of knowing him 
in person, these ideas must be trans- 
mitted through the printed word. It is 
our great good fortune that Professor 
Howe left to us a rich heritage of 
publication, not only in his classic 
monograph on the “ Metallography of 
Steel and Cast Iron” but in a wealth 
of earlier books and papers in the 
transactions of this Institute and of 
other scientific and engineering bodies. 
An outstanding characteristic of this 
published record is the great breadth 
of interest and of vision which it por- 
trays. His was not a narrow speciali- 
zation in only the scientific aspects of 
ferrous metallography. On the con- 
trary many of his important contribu- 
tions had to do with a far broader field 
of metallurgical endeavor. He insisted 
that his students be well grounded in 
the fundamentals underlying the whole 
field and not led into the narrow groove 
of specific applications. Among his first 
major publications we find papers on 
copper smelting, extraction of nickel, 
the efficiency of fans and_ blowers, 
thermic curves of blast furnaces, the 
cost of coke, and the manufacture of 
steel. These are the papers of a metal- 
lurgical engineer and it was among engi- 
neers that Henry Marion Howe made 
his early and well-merited reputation. 

These early engineering contribu- 
tions display very clearly the strongly 
scientific inclination of their author. 
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The classic work on “‘The Metallurgy 
of Steel” published in 1890 contains a 
thorough and critical discussion of all 
that was known at the time concerning 
the alloys of iron and of what we would 
now call the physical metallurgy of 
steel. In addition it describes steel- 
making processes in use and some that 
had become obsolete, and points out in 
critical fashion the reasons for success 
and failure. Steel mill design and layout 
were included as well as some pertinent 
discussion of refractories. The book is 
indeed an embodiment of one of Howe’s 
outstanding characteristics—breadth. 
It is both the science and the engi- 
neering of steel production as known 
in that day. 

One of Howe's earliest technical 
papers was entitled ‘‘What is Steel?” 
That was nearly seventy-five years ago 
when many new processes and new 
kinds of steel were being developed. 
The time was ripe for such a ques- 
tion and the answers which Howe was 
able to give were helpful in under- 
standing the phenomena of heat treat- 
ment. Twenty-five years ago Professor 
Sauveur repeated the question as the 
title of the first Henry Marion Howe 
Memorial Lecture. It seemed to him 
that this question, ““What is Steel?,” 
had served as Howe’s motto through- 
out the remainder of his life. 

Today I shall present for your con- 
sideration a question of another sort: 
“What is Metallurgy)” Perhaps it is 
not too much to hope that in the an- 
swer we may obtain a clearer and possi- 
bly broader view of the nature of our 
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science and our profession. The time is 
ripe for giving careful consideration to 
what we mean by metallurgy. If our 
Metals Branch is to become in fact an 
American Institute of Metallurgical 
Engineers, it is essential that we under- 
stand what is meant by metallurgical 
engineering. I am convinced that the 
best interests of the profession have 
not been served by a narrow interpre- 
tation of these terms. We must now 
place emphasis on the breadth of metal- 
lurgy as a science and as an engineering 
profession. 

With its usual brevity and wit, 
Webster’s dictionary defines metal- 
lurgy as “the science and art of ex- 
tracting metals from their ores, refining 
them and preparing them for use.” 
I shall not assume that the words 
“science”? and “‘art”’ and ‘‘metal”’ are 
so well understood as to require no de- 
fining but others among our contempo- 
raries are better qualified than either 
your lecturer or the dictionary to pre- 
sent the broad meanings of these terms. 
When we say that metallurgy is among 
the oldest of the arts we are not class- 
ing it with painting or sculpture or 
music but rather with the making of 
tools or weapons or the building of 
bridges or chariots or cathedrals. In 
short we are saying that metallurgy is 
among the oldest of the engineering 
professions. 

The question ‘‘ What is metallurgy?” 
has been one of rather more than ordi- 
nary concern to those of us who have 
the task of developing a curriculum 
for the education of students in this 
field. This development has been going 
on in a number of universities over a 
period of some years, but there seems 
to be as yet no unanimity as to what 
such a curriculum should contain. I be- 
lieve there is fairly complete agreement 
that it must be founded upon sound 
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basic training in the sciences and that 
it should contain the elements of an 
engineering education. The recognition 
of metallurgy as both science and engi- 
neering is fairly widespread among 
metallurgists. It is not so well under- 
stood in other circles. 

The terms “metallurgy” and “‘metal- 
lurgical engineering,” if each is used in 
the broadest sense, mean exactly the 
same thing. I know of two metallurgical 
departments that have similar cur- 
ricula, one of which graduates metallur- 
gists, the other metallurgical engineers. 
For purposes of this discussion, how- 
ever, I shall use the term “‘metallurgy ” 
as the broader one to include on the 
one hand metallurgical engineering and 
on the other the science of metals. 

In connection with our efforts to 
establish a rational curriculum for stu- 
dents of metallurgy we thought it 
would be extremely helpful to have 
before us a concise outline of the entire 
field. Now it is no small task to pre- 
pare such an outline. Metallurgy is a 
large subject and it overlaps many 
others so that a clear-cut line of demar- 
cation between it and its neighbors 
cannot be drawn. The various parts of 
metallurgy are closely interrelated and 
cannot be divorced. Nevertheless it is 
possible to set down in some sort of 
logical sequence the names of the 
principal parts of the science and art of 
extracting metals from their ores, refin- 
ing them, and preparing them for use. 

In presenting the outline I must em- 
phasize that, while the chief impetus 
for its preparation was pedagogic, it is 
in no sense an outline of a curriculum. 
It is not my intention to discuss the 
pros and cons of the several items 
which compose the academic bill-of- 
fare. But this outline which evolved 
in the course of such discussions may 
have other than academic uses, and 
moreover the purpose for which it was 
developed can best be served by offer- 
ing wide opportunity for criticism. 

There is no universally accepted 
terminology corresponding to that used 
in the outline. Other schemes of classi- 
fication have been employed, for ex- 
ample, “extractive metallurgy” may 
cover not only the first two engineering 
divisions and “‘adaptive metallurgy” 
the other two, but each term may 
include also the appropriate parts of 
metallurgical science. Similarly the 
term “production metallurgy” could 
be used to cover some eighty percent 
of what I have called ‘‘metallurgical 
engineering.’ Two terms which are 
conspicuously absent from the outline 
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An Outline of Metallurgy 


A. Metallurgical Engineering 
lata Metallurgy 
tes Dressing 
Comminution of ores 
a Separation of minerals 
c. Leaching 
. Process Metallurgy 
. Roasting and sintering 
. Reduction and smelting 
. Fuels and combustion 
. Refractories and furnaces 
. Heat and fluid flow 
f- Electrometallurgy 
g. Melting, refining and alloying 
. Casting and solidification 
pat wees Metallurgy 
. Metal Processing 
a. Hot and cold forming 
. Foundry practice 
c. Joining 
d. Surface treatment 
e. Powder metallurgy 
f. Heat treatment 
pepe Metallurgy 


ene control 

. Selection and specification 
c. Alloy design 
d. Service behavior 


are ‘‘ferrous”’ and ‘“‘nonferrous.” These 
terms may be useful industrially but 
the division of science or engineering 
along such lines would not be profit- 
able. I have no quarrel with those who 
would select a different set of words 
nor indeed with those who would inter- 
change the terms “metallurgy”? and 
“metallurgical engineering.”’ 

There is of necessity much over- 
lapping in the outline, just as there 
must be in any attempt to set forth 
the content of any science. There are 
interrelationships throughout the out- 
line so numerous that any attempt to 
show them by subheadings and tie-lines 
would simply cross-hatch the entire 
page. The purpose of the outline is 
not to divide metallurgists into classi- 
fications but rather only to simplify 
the task of examining our metallurgical 
profession to find out what it contains. 
To continue this study of the anatomy 
of metallurgy, let us consider briefly 
each of the major divisions ot the 
outline. 


Metallurgical Engineering 


Metallurgical engineering is the 
direct descendant of that ancient art 
first brought to man by the titan demi- 
god Prometheus. He it was who dared 
oppose the will of newly-crowned Zeus 
when that cruel monarch planned to 
sweep mankind off from the world and 
plant a newer race there. He stole fire 
from heaven and brought it down to 
earth for men to use. He taught men 
the motions of the stars and devised for 
them numbers and letters. He origi- 
nated ships and was first to yoke horse 
to chariot. And, in the words of this 
first metallurgical engineer: 


B. Metallurgical Science 
il Chemical Metallurgy 
. Crystal chemistry and mineralogy 
. Thermodynamics 
c. Reaction kinetics 
d. Surface chemistry 
e. Electrochemistry 
f. Corrosion 
Physical Metallurgy 


Metallography 


. Constitution and phase diagrams 
b. Macro, micro and lattice structure 

. Grain size and texture f 

. Grain growth and recrystallization 

. Phase transformations 


Physics of Metals 


. Electrical and thermal properties 
g. Atomic bonding and cohesion 

. Magnetism 

i. Diffusion 

ij. Theory of the solid state 


Mechanical Metallurgy 


. Elasticity 

. Anelastic behavior 

. Plastic flow and work hardening 

. Rupture and fatigue 

. Creep 

; Cor relation of structure and mechanical 
properties 


“For the other helps of man hid under- 
ground 

The iron and the bronze, silver and gold 

Can any dare affirm he found them out 


Before me? None, [I know! unless he 
choose 

To lie in his vaunt. In one word learn the 
whole— 


That all arts came to mortals from 


Prometheus.” 


MINERAL DRESSING 


Metallurgical engineering begins with 
what is “hid underground,” the ore, 
thus illustrating a constantly recurring 
phenomenon, that the metallurgist is 
intimately concerned with nonmetals. 
Metallurgy must in practice begin with 
the ore and its first operations are those 
of mineral dressing. Here it is very 
closely allied to such fields as solid 
fuels, ceramics and nonmetallic min- 
erals and like them it is here intimately 
associated with economic geology and 
mining. In brief this first segment of 
metallurgy constitutes also a portion 
of a broad field which is quite properly 
termed mineral engineering. Much of 
the scientific background lies in the 
fields of crystal chemistry, surface 
chemistry, mineralogy, hydrodynamics 
and other branches of knowledge not 
too familiar to most metallurgists but 
indicative of the breadth of the field. 

The importance of the field is obvi- 
ous in that almost every ore that comes 
from the ground requires some process- 
ing before smelting or reduction can 
be undertaken with profit, and it will 
not be many years before the word 
“almost” can be omitted. The very 
question of whether or not a given 
deposit can be considered an “‘ore”’ is 
conditioned upon the state of the min- 
eral dressing art. The ores from which 
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the bulk of our copper is now produced 
were of no value fifty years ago. The 
development of flotation converted 
worthless rock into a natural resource. 
Much of our iron ore of the future must 
come from rock which today cannot 
profitably be smelted. We face here 
one of the great tasks of metallurgical 
engineering. 


PROCESS METALLURGY 


Process metallurgy has a long and 
honorable history too familiar to most 
metallurgists to require discussion. This 
is the very stuff on which the Iron and 
Steel Division is made. It is the suc- 
cession of steps or processes by which 
impure mineral is reduced to metal, 
refined, alloyed and delivered accord- 
ing to a specification. It is an old art, 
but with the aid of chemical science it 
has become a chief part of modern 
metallurgical engineering. It is closely 
akin to chemical engineering with 
which it has many ideas and problems 

“in common. The study of the field in 
terms of processes rather than by 
metals here follows the lead of chemical 
engineering education with its empha- 
sis on the “‘unit processes.” 

It is worth noting that process metal- 
lurgy is not narrowly concerned only 
with the metal it produces. It has much 
to do with nonmetals. Operations begin 
with minerals and fuels and refrac- 
tories, and the use of these materials 
is an essential part of the whole. In 
nearly every melting process a non- 
metallic by-product, a slag, is formed 
and in many cases this slag is itself a 
necessary reagent for carrying on the 
chemical reactions of the process. The 
chemistry of slags and of slag-metal 
reactions is extremely important in the 
control of such processes. 

Process metallurgy is concerned also 
with certain principles which are com- 
mon to many processes. Among them 
may be mentioned the flow of gases. 
combustion, heat flow, material bal- 
ances and yields, heat balances and 
thermal efficiency, rates of reactions 
and the laws of chemical equilibrium. 
It is the quantitative application of 
such principles in the smelting and re- 
fining of iron and steel which has been 
the guide to efficient utilization of 
pressure and of oxygen and which will 
continue in the future to point the way 
to new efficiency and economy. 


METAL PROCESSING 


The more physical aspects of pro- 
duction metallurgy, the methods of 
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forming into useful shapes, are grouped 
in the outline under Metal Processing. 
Among these we note the overlapping 
of metallurgy with recognized trades 
or professions such as welding, found- 
ing, forging, electroplating. These fields 
are as much parts of metallurgical engi- 
neering as are steelmaking or heat 
treatment, and they deserve as much 
interest and recognition on the part of 
the metallurgical profession. For too 
long a time they have been relegated 
by metallurgists to rule-of-thumb con- 
trol. Much can be accomplished here 
by the application of science and of 
sound engineering as witness recent ad- 
vances in welding and the current 
renaissance in the foundry industry. 
Here we have seen in recent years the 
doubling of the strength of gray iron 
by persuading the graphite to form 
nodules rather than flakes. We have 
seen more than the doubling of the 
dependability of steel castings through 
control of soundness. 


APPLICATION METALLURGY 


The task of putting the right metal 
in the right spot with full regard for 
cost and service is an important part 
of metallurgical engineering. The selec- 
tion and specification of metals and of 
their heat treatment is often a task of 
large proportions involying all the skill 
and understanding of an experienced 
metallurgist. The more complex the 
structure, the more kinds of metals 
must be taken into consideration; the 
greater the quantity of production, the 
more urgent it becomes to select for 
each part the right alloy, the right 
quality, for economic manufacture and 
service. It is in this field particularly 
that the science of physical metallurgy 
finds its practical engineering applica- 
tions, and that metallurgy becomes the 
servant of all engineering. The metal- 
lurgist is constantly working with and 
for engineers of different backgrounds. 
He must know their language. He must 
understand the rudiments of design, of 
stresses and vibration, of fabrication 
and inspection and assembly. His suc- 
cess is gauged by his ability to serve 
his fellowman in adapting the right 
metal for each use. 

Then comes the time when there is 
no satisfactory metal known for the 
given task; a new alloy must be de- 
signed to fit the job; a research and 
development program is required. As 
alloys are obtained which fill the need 
the requirements go up, still better 
alloys are required and the process 


must continue. We are constantly in 
the midst of such developments, rapid 
progress being made at present in 
the development of high-temperature 
metals. The design of a new alloy for 
a given purpose may be a very simple 
or an extremely difficult task, depend- 
ing upon the availability of basic scien- 
tific data needed. The development of 
our N. E. steels during the war was 
an example of alloy design on a grand 
scale, the success of which was assured 
by adequate knowledge of such con- 
trolling factors as steelmaking practice, 
strength, ductility and hardenability. 


Metallurgical Science 


A celebrated nuclear physicist when 
asked ‘What is the difference between 
science and engineering?” replied, 
“About fifteen years.” He implied 
that it takes engineering about fifteen 
years to utilize the new things of 
science. 

No one believes that the full engi- 
neering use of nuclear fission can be 
developed in any such short time, but 
it is true that the nuclear engineering 
tasks which have already been accom- 
plished (the bomb, and commercial 
production of radio-isotopes) required 
much less. In metallurgy the difference 
in time is likely to vary from plus fifty 
to minus fifty years. Many a scientific 
result is left to molder on the shelf for 
years while others which appear to 
offer the prospect of economic reward 
may be converted into engineering ap- 
plication with breath-taking speed. On 
the other hand engineering develop- 
ments frequently must be pushed for- 
ward without benefit of science. In 
Professor Howe’s view engineering is 
essentially application, while the func- 
tion of science is correlation with or 
without discovery. In 1917 he said: 
‘Pure science in its relation to engi- 
neering seems today to be in an 
intermediate stage of its asymptotic 
evolution from the state of a follower 
to that of an absolute dictator.” As 
one who has spent some years in study 
of the science underlying the art of 
steelmaking, I feel privileged to say 
that it is a blessing to humanity that 
the development of steelmaking prac- 
tice did not have to await the full 
understanding of the scientific princi- 
ples upon which it rests. At the same 
time I must express the conviction that 
the science will become more useful to 
the art as its growth progresses—indeed 
that it will approach asymptotically, 
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as Professor Howe has said, although 
it can never quite reach the state of 
‘“‘an absolute dictator.” 


CHEMICAL METALLURGY 


The great dependence of process 
metallurgy upon the basic science of 
chemistry has been illustrated many 
times in such activities as the opera- 
tion of blast furnaces and open hearths 
and the smelting and refining of all 
sorts of metals. 

Production processes require time; 
hence, the rates of reactions, the rates 
of transfer of impurities such as sulphur 
from metal to slag, the rates of reduc- 
tion of oxides and other phenomena of 
chemical kinetics are important to 
nearly every process. Of perhaps even 
more basic importance is the question 
whether or not a proposed reaction 
will occur at all. We do not make 
aluminum or zinc in a blast furnace, 
much as we should like to do so if it 
were possible. There is also the ques- 
tion of how far a process will go before 
it reaches equilibrium and finds itself 
run down like a clock. We do not get 
all the carbon or sulphur or phosphorus 
out of a heat of steel for just this 
reason. Consider the slags which are 
so important in the conduct of smelt- 
ing and refining processes. We used to 
think of them as being made up of 
various mineral species. Some of us 
liked to regard them as molecular solu- 
tions. Nowadays it seems more prob- 
able that they are made up chiefly of 
ions, electrically charged atoms or 
groups of atoms, some of the groupings 
being fairly complex. There is much 
that is not yet known about slags but 
a knowledge of their actual structure 
would undoubtedly aid in understand- 
ing their proper control. These are 
chemical questions and illustrate the 
dependence of all of our processes upon 
chemical metallurgy, particularly upon 
kinetics and thermodynamics. 

Certain metals which have only 
recently come into use and others 
which, like titanium, are still in the 
chemical stage give added emphasis to 
the close relationship between chemis- 
try, process metallurgy and chemical 
engineering. Every new metal that is 
brought into use will bring its own 
problems and its own chemical proc- 
esses. Many of the metals which are 
now shrouded in obscurity will inevi- 
tably be brought into practical use in 
the years to come. By the time our 
metal-hungry civilization has become 
sufficiently discriminating to demand 
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the highly individualistic properties of 
some of our rarer metals we will wit- 
ness the introduction of new and 
strange methods of production. The 
metallurgy of gadolinium or dyspro- 
sium, for instance, may well involve 
such processes as solvent extraction, 
ion exchange, fractional distillation, flu- 
orination, and electrolysis. These are 
the things which chemistry has in store 
for metallurgists and they will become 
as much a part of process metallurgy 
as the blast furnace or the converter. 
Our interest in chemistry must not 
end with the production of the metal. 
Reactions occur within the solid and it 
is these reactions which provide the 
basis for heat treatment. Reactions 
occur also on the surfaces of metals 
and these provide troubles aplenty for 
all who are concerned with their service 
behavior. The control of metal corro- 
sion has become an important engineer- 
ing activity, but in spite of the great 
advances that have been made, the 
world’s corrosion bill amounts to 
several billion dollars every year. The 
scientific study of corrosion is an im- 
portant part of chemical metallurgy. 
To the metallurgist it is obviously de- 
pendent upon many factors which we 
think of as physical metallurgy, since 
the corrosion behavior of a metal de- 
pends not alone upon its chemical 
nature but upon its structure. But it 
is highly dependent upon its chemical 
environment, its electrical contact with 
other metals and upon that physico- 
chemical super-mystery, passivity. 


PHYSICAL METALLURGY 


Physical metallurgy is the science of 
the metallic state. Offspring of physics 
and physical chemistry, it is intimately 
concerned with the structure of metals 
and alloys and with the phenomena 
which occur within this structure. The 
study of metal structures and of the 
processes which determine them is 
called metallography. It is regrettable 
that this term has become widely used 
to connote only the microscopic obser- 
vation of structure. Its real significance 
is far wider. In its broad sense it signi- 
fies the whole science of metal struc- 


ture. This includes all knowledge of 


equilibrium in metallic systems as 
shown in the many phase diagrams 
that have been published and the 
nearly infinite number which remain 
to be studied. It includes recrystalliza- 
tion and grain growth and precipitation 
within metallic phases. The whole com- 
plex series of changes, by which soft 


austenite is converted into tough 
bainite or hard martensite and the 
latter is tempered to produce struc- 
tures of desired properties, is a part of 
this science of metallography. It was 
in this broad sense that Professor Howe 
used the word in his ‘‘ Metallography 
of Steel and Cast Iron,” and I urge 
that we return to this usage. 

Progress in the development of new 
alloys as well as in understanding and 
improving the old ones, would be ma- 
terially accelerated by a more thorough 
understanding of the nature of the 
solid state. The forces by which the 
atoms are bound together in a crystal 
are far greater than the overall strength 
of even our best metals. Why cannot 
we utilize all of this force to produce a 
steel ten times as strong as our present 
strongest? Atoms are bound together 
by electronic forces. Do the electrons 
spread throughout the structure as a 
sort of cloud, or do they resonate be- 
tween several alternative interatomic 
positions? The answer lies in electrical, 
magnetic and thermal properties of 
alloys, and although we do not yet 
know how to read this answer, we may 
be confident that it will ultimately play 
its part in attaining such practical ends 
as the making of stronger or more duc- 
tile steels. The search for a_ better 
understanding of the solid state is not 
something that the metallurgist can 
leave entirely to the physicist. The two 
must work together as both kinds of 
background are needed. The physics of 
metals is an essential part of metallurgy. 

Metals are useful primarily because 
of their mechanical properties, their 
strength, ductility, elasticity. The 
study of such phenomena is mechanical 
metallurgy. The metallurgist’s approach 
to studies of elastic and plastic deform- 
ation is basically different from that 
of the mathematical stress analyst. A 
metal is not a mere three-dimensional 
continuum possessed of properties ex- 
pressible in differential equations. It is 
a complex aggregate of crystals which 
may differ greatly among themselves 
and whose properties may change with 
strain and with time. Why does such 
an aggregate fail under load, and how? 
What is the mechanism of the charac- 
teristically metallic phenomenon called 
slip? Why and how are blocks of metal 
atoms able to glide for great distances 
over slip planes? Do they really behave 
like a panful of soap bubbles? By 
blocking slip planes we can raise the 
tensile strength. When are we going to 
learn to do this so effectively as to 
double the useful strengths of steels? 


JUNE 1949 


The Province of Metallurgy and Neighboring Areas. 


Metallurgical Education 


One of the principal reasons for ask- 
ing the question, ‘‘What is metal- 
lurgy>”, has been the need for a 
system of guide-posts along the road 
to metallurgical education. With the 
outline acting as a small-scale map of 
the province let us have a brief look 
at the path which a student may fol- 
low. One fact stands out clearly—the 
area is large and the terrain in some 
parts is rugged. The neophite, planning 
to spend four years in becoming ac- 
quainted with the area, cannot hope to 
have time to dig deeply into each inter- 
esting vein nor to pick all of the daisies 
that he passes in the field. In planning 
his tour we must assure that he has an 
opportunity to see at least a part of 
each principal area. We must reserve 
enough time on his itinerary for him to 
examine in some detail the areas in 
which he is most interested and we 
must see that he is equipped with tools 
for digging in these areas. In addition 
we must recognize that he is going to 
spend a part of his time in daisy-picking 
and other nontechnical activities and 
we should teach him the difference be- 
tween wild grape and poison ivy and 
how to avoid the pitfalls and the rattle- 
snakes. In introducing him to the 
province of metallurgy we must see 
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that he learns to mingle not only with 
his fellow explorers but with the great 
variety of people whom he will en- 
counter within the field and in adjacent 
areas. 

It is neither feasible nor desirable 
that all students who spend four years 
in metallurgical study be subjected to 
the same instruction. The world has 
need for many kinds of technically 
trained people and indeed many kinds 
of metallurgists. Happily there are 
enough individualists among metal- 
lurgical educators to provide a variety 
of curricula at the several institutions 
that offer the subject. In general, de- 
partments of metallurgy or of metal- 
lurgical engineering have given heed 
to Professor Howe’s warning against 
Procrusteanism. ‘‘ You remember Pro- 
crustes,”’ he said, ““who made his bed 
fit every traveler by lopping off the tall 
one’s legs and stretching the short ones 
on a rack. Beware the narrow and 
cocksure Procrusteans of every walk 
of life who would have all institutions 
shaped to fit their own pet ideals re- 
gardless of the need of the world of 
widely different products.” 

Perhaps it is not generally recog- 
nized outside of academic circles that 
a student of metallurgy devotes only 
about one-third of his effort during a 
four-year course to studies of metal- 


lurgy. One half of his time is spent on 
basic science and engineering. This pro- 
vides a minimum of preparation for 
entering and exploring the province of 
metallurgy. Nearly one-fifth is spent on 
the arts and humanities (daisy-picking 
and mingling) and this leaves less than 
one-third for metallurgy. Now it is ob- 
viously impossible to cover all that is 
included or implied in our outline of 
metallurgy in one-third of a four-year 
course. A large amount must be omitted 
and in fact should be. It is quite feasi- 
ble, however, to teach the fundamental 
principles underlying most of the sub- 
jects listed, provided the student is not 
overburdened with mere description or 
with a plethora of specific applications. 
These rather bare fundamentals plus 
one or two advanced or specialized 
studies and a thesis requiring inde- 
pendent laboratory work on a subject, 
preferably of the student’s own choos- 
ing, complete the metallurgical part of 
his schooling. 

It is far more important that the 
student have a real grasp of physical 
chemistry than that he know the di- 
mensions of the biggest blast furnace 
or the latest wrinkle in instrumenta- 
tion. It is far more important that he 
understand what goes on inside a piece 
of steel during heat treatment than 
that he be able to distinguish between 
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bainite and fine pearlite under the 
microscope. It is far more important 
that he be able to think than that he 
know the characteristics of a wide 
variety of alloys. And it is in the teach- 
ing of the fundamentals that the in- 
structor has his best opportunity to 
help the student learn to think. It 
seems perfectly clear to me that no 
part of the fundamentals of metallurgy 
should be omitted in order to substi- 
tute a college professor’s idea of how an 
open hearth furnace ought to operate! 
I have been talking of undergraduate 
instruction; what about postgraduate 
study? For the great majority of metal- 
lurgists this is directly related to a job 
and is therefore specialized. In many 
industries definite and well-planned 
training programs have been set up; 
these are of very great value to the 
young metallurgist and to the industry 
as well. The modern scheme of engi- 
neering education is becoming more 
and more dependent upon such train- 
ing, and both the universities and the 
industries are according greater recog- 
nition to the responsibilities of the 
latter in the training of engineers. 
Graduate training in the universities 
generally has one or the other of two 
objectives: further preparation for a 
professional career by extension of 


undergraduate training both in breadth 
and in depth along some one or two 
lines of specialization; or preparation 
for a research career or for leadership 
in some field in which research plays a 
dominant part. In a field that is as 
young and vigorous as metallurgical 
science, graduate work has much to 
recommend it. It is, however, by no 
means to be regarded as a necessary 
part of a metallurgical education for 
those whose undergraduate training has 
been sufficiently basic and sufficiently 
broad. 


Summary 


In summary permit me to repeat 
that metallurgy is a field of great 
breadth. Since it is inhabited by metal- 
lurgists these must be people of wide 
vision. I have heard important persons 
who ought to know better speak of 
metallurgy as a narrow field of special- 
ization. Nothing could be farther from 
the truth. It does, of course, contain 
within its boundaries many fields in 
which a metallurgist may specialize to 
his heart’s content. But no other 
branch of engineering can compare 
with it in breadth if that breadth be 
gauged by the number of other fields 


with which it has a common frontier. 
No other field of applied science draws 
so heavily upon both of the two basic 
sciences of physics and chemistry. No 
field of endeavor exhibits a greater 
wealth and diversity of achievement. 
Nowhere can scientists of such a 
wide variety of interests find a more 
fruitful or more stimulating field for 
research. 

And now we must attempt to answer 
the question ‘‘ What is a metallurgist )”’ 
Surely there must be thousands of an- 
swers to this question for it is obvious 
to any observer that no two metal- 
lurgists are alike. If we state that “a 
metallurgist is one whose scientific or 
professional work is directed toward 
the production or use or understanding 
of metals,’ what more need be said? 
We have here a definition broad enough 
to include all of us. However, it is too 
broad; it needs to be made specific; it 
requires illustration. Let us add then— 
“like Henry Marion Howe.’ And we 
have no longer a mere definition but an 
aspiration. For here was a man whose 
memory still inspires us. Here was a 
metallurgist whose interests reached 
into every corner of the province of 
metallurgy, whose work has influenced 
every segment of metallurgical science 
and engineering. 


The Sigma Phase in Ternary Cr-Co-Fe and Cr-Co-Ni Alloys 


PAUL A. BECK,* Member and W. D. MANLY, + Junior Member, AIME 


In a recent note Sully and Head! 
showed that the ‘Cr-Fe sigma phase is 
isomorphous with the Cr-Co gamma 
phase, and that the lattice constants 
are also nearly identical. In a prelimi- 
nary investigation of the ternary 
Cr-Co-Fe system at 800°C at this 
laboratory the above findings were 
confirmed, and it was found by micro- 
scopic techniques, using various etch- 
ing reagents, that the two binary 
phases form an uninterrupted series of 
solid solutions with each other. These 
solid solutions occupy a straight nar- 
row band which cuts across the 800°C 
isothermal section of the ternary sys- 
tem, connecting the two binary phases. 

A detailed investigation of the 
Cr-Co-Ni ternary system at 1200°C 


1A. H. Sully and T. J. Heal: Research. March 
1948, 1, 288. 
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disclosed that here, too, the Cr-Co 
gamma phase extends deep into the 
ternary system in the form of a long 
narrow lip. The fact that this sigma 
type lattice is sustained even when well 
over half of the Co atoms in it are re- 
placed by Ni atoms, with relatively 
little change in the Cr content, clearly 
indicates that Ni itself has a certain 
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tendency to form the sigma phase with - 
chromium. This tendency is hidden in 
the binary Cr-Ni alloys, where the 
sigma phase is not known to occur, but 
it becomes operative in the presence 
of a sufficient amount of Co. The 
interpretation of these facts in terms 
of electron concentrations is rendered 
difficult by the uncertainty of our 
present knowledge of the valency elec- 
tron structure of the transition ele- 
ments in their alloys. However, Sully 
and Heal’s results and the present work 
suggest that intermetallic phases with 
sigma type lattice may occur more fre- 
quently in these little investigated 
alloys than heretofore suspected. In 
particular, it is expected that a similar 
phase may exist in the V-Co and per- 
haps in the V-Ni system, in analogy to 
the known sigma type phase in the 
V-Fe system, and that all these sigma 
type phases may form extensive solid 
solutions with one another. 
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Distillation of Zine from Copper 
Base Alloys and Galvanizers 


Drosses 
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FRANK F. POLAND* 


The purpose of this paper is to de- 
scribe the recent applications and im- 
provements made in the process and 
equipment for the recovery of metallic 
zinc from secondary metals by means 
of high temperature electric resistor 
furnace distillation. 

The process and high temperature 
furnace, as developed by Revere Cop- 
per and Brass Incorporated, Research 
and Development Department, was de- 
scribed in a previous paper. t 

Since the publication of that paper 
the process and equipment have been 
licensed to others. Consequently its 
field of application has been expanded, 
particularly for the treatment of scrap 
brass, galvanizers dross and scrap zinc. 
Other applications are being considered, 
particularly the melting of metallic 
titanium and special alloys requiring a 
controlled atmosphere. Consideration 
is also being given to modification in 
design that would allow the melting of 
copper cathodes for the production of 
oxygen-free and electrolytic tough 
pitch copper shapes without the neces- 
sity of blowing and poling. 

In the design of a furnace for melt- 
ing copper cathodes it is intended that 
the fundamental principle of charging 
the solid material into a large pool of 
molten metal through a double door 
charging vestibule as shown in Fig 3 of 
the previous paper,t would be adhered 
to and, in addition, either dehydrated 
and desulphurized producer gas or 
commercial nitrogen, that is, approxi- 
mately 96 pct nitrogen, 2 pct hydrogen 
2 pet CO, also dehydrated, would be 
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used to provide a protective atmos- 
phere for the resistors and to flush out 
more soluble gases from the molten 
copper. 

The operation of a small unit produc- 
ing approximately 1000 lb of copper 
per hr has shown that the commercial 
nitrogen will allow the production of 
tough pitch electrolytic copper when 
the metal is transferred from the melt- 
down unit contemplated to a special 
type induction unit where the oxygen 
absorption and temperature can be 
controlled. 

Standard practice in treating low 
grade scrap brass has been to oxidize 
the zinc by blowing air through the 
molten metal. This operation results in 
the recovery of approximately two- 
thirds or less of the zinc content of the 
brass in the form of an impure zinc 
oxide having only a fraction of the 
value of the zinc in metallic form. The 
balance of the zinc is lost to slag, fume 
and drosses. Fig 1 shows the revised 
flow sheet of the process for the treat- 
ment of scrap brass. For this applica- 
tion and as shown on the flow sheet a 
low frequency induction furnace has 


San Francisco Meeting, February 
1949. 

TP 2577 D. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before July 15, 1949. Manu- 
script received December 7, 1948; 
revision received February 4, 1949. 

* Administrative Assistant to Vice 


President in Charge of Research and 


Development, Revere Copper and 
Brass Inc., Rome, N. Y. 

f. + F. F. Poland: Distillation of Zinc 
and Refining of Residual Metals from 
Copper-base Alloys. TP 2065, Metals 
Tech. (Sept. 1946): Trans. AIME 
(1949) 182 (to be published). 


been substituted for the Wilkins- 
Poland type as a melting unit. This 
type of furnace has been found the most 
suitable for the purpose as will be 
shown by the following discussion. 


Serap Brass 


The melting of refinery scrap brass 
preparatory to distillation presents a 
melting problem quite different from 
the usual melting of brass mill scrap 
for recasting because refinery scrap is a 
heterogeneous mixture of alloys each 
having different melting and boiling 
points, and coated with a variety of 
corrosion products and foreign mate- 
rials. In addition, brass and copper 
plated pieces of sheet iron, stainless 
steel, ceramic materials, and others are 
present that do not melt except at tem- 
peratures above the boiling point of the 
liquid bath. 

In the previous paper it is noted that 
difficulty was encountered in the melt- 
ing of refinery grade scrap brass with- 
out excessive loss of zine by volatiliza- 
tion and that 5 to 10 pct razorite flux 
was used to alleviate this condition. 
While this flux was successful in pre- 
venting the excessive loss of zinc by 
volatilization it interposed a low heat 
conductivity layer between the source 
of heat and liquid charge and resulted 
in lowering the melting rate of the fur- 
nace. This same problem presents itself 
in all types of furnaces in which the 
metal is heated by radiation and con- 
duction from above the charge. 

It has been found in melting this 
type material that the melting rate per 
hour or per square foot of hearth area 
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FIG 1—Flowsheet of process for treatment of scrap brass. 


for all types of furnaces is considerably 
less (of the order of 50 pct) than when 
the same furnace is used for melting 
scrap alloys or metal of a uniform 
composition. Allowance for this differ- 
ence in melting capacity for any given 
size furnace must be made when de- 
signing the melting equipment. 

The induction type furnace, because 
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of its generating heat in the charge 
below the surface, allows the use of a 
flux or carbon cover so that the benefits 
of such a cover may be obtained with- 
out interference with the heat input to 
the charge. This type furnace is con- 
structed without any cover or roof 
which is an advantage in charging 
bulky material and allows the use of 


mechanical means for pushing the cold 
charge into the liquid bath. 

The usual secondary winding, that is, 
heating ducts, in induction furnaces 
designed for general brass mill casting 
are not satisfactory for the melting of 
low grade scrap because this type 
material does not ordinarily contact 
the liquid metal enough to absorb the 
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full rated energy of the furnace, conse- 
quently the metal in the secondary 
boils, pinching off and thereby reducing 
the power input. A low frequency fur- 
nace designed for this particular 
purpose has larger ducts and more 
circulation than normally supplied and, 
in addition, is provided with hydraulic 
rams to push the cold charge into the 
liquid bath. 

The amount of dross formed when 
melting this type scrap is ordinarily 
much greater than that produced when 
melting scrap brass of uniform composi- 
tion or even when melting turnings. 
However, it has been found that a 
layer of two or more inches of finely 
divided carbon, or preferably lamp- 
black, on top of the liquid metal, used 
in conjunction with a hydraulic ram 
increases the rate of melting to a maxi- 
mum and reduces the loss of copper and 
zinc to skims and fume to a minimum. 

The finely divided carbon cover on 
top of the liquid metal produces a very 
strong reducing atmosphere at the 
melting zone and experiments have 
shown that this atmosphere, high in 
carbon monoxide, will reduce zinc oxide 
to metal. 

Consequently this is an ideal condi- 
tion and one that is difficult if not im- 
possible to reproduce commercially in 
any other type of melting furnace. 

In melting clean scrap brass, such as 
mill scrap that contains no ceramic 
material or other contaminants, there is 
practically no loss of zinc when melting 
under the finely divided carbon cover. 
From these considerations it is believed 
that the loss of zinc to skims and fume 
in melting under the conditions de- 
scribed has been reduced to an absolute 
minimum. The effects on the economics 
of the operation are shown by the fol- 
lowing metallurgical results. 


METALLURGICAL RESULTS 


The following are the results ob- 
tained from the treatment of a mixture 
of approximately 1,000 tons of light and 
heavy miscellaneous yellow brass scrap 
melted in a low frequency induction 
furnace equipped with mechanical 
pushers and using a carbon cover on 
top of the liquid metal. 

The approximate analysis as charged 
to the induction melting furnace was 
copper 64.2 pct, zinc 25.5 pct, lead 
2.0 pct, tin 1.0 pct, nickel 0.7 pct, 
aluminum, silicon, manganese 0.3 pct, 
iron (varies widely) 3.3 pet, infusible 
material, oil, other combustibles, H.0, 
etc., 3.0 pct. 
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There was produced the following, 
as Indicated in Table 1: 


Table 1. . . Production 
Pct Gross Scra 
Melting furnace skims.............. TT. 
ZANE SADE sere es osc eines ea 21.4 
Blue powder...... : 
Residuescoppersweses oe oii sie cc che 67.9 
Volatile and combustible loss........ Pai 


100.0 
Approximate Zinc Distribution Pct Gross Scrap 
Zinc slabs 21.4 
Blue powder. . 


Melting furnace skims at 15 pet z zinc. 1.2 
2 Bows of Be residue pooRpes Reiebstatare Sees 2.0 
Hume cmses ieee oe 4 


Zinc Recovery 


ZANE SLADS rine. csracss ne nee 
Blue powder.. Seisbac tate a oho 33 
Sub Total Recovery. . sisiater settee OOS 

Distribution of Zinc Losses — 
to melting furnace skims............ 4.5 
toxecopper shot fis, cis. sos lle ee et 
VONG EbLe Mote ey ahi cals iver cnc a mcrae ee 
Sore ateh Losses. tao Loe 
Total. . ae 100.0 
“Pet Copper Contents 

Copper produced in residue metal... ... 96.5 
to melting furnace skims............ 340) 
Total cagciste to ee eek 100.0 


Melting in the reverberatory or con- 
verter type furnace results in a zinc 
loss to slag and fume of between 18 to 
30 pct, a fair average being about 23 pct 
of the total zinc contents. The copper 
loss to skims is also proportionately 
greater than in the induction furnace. 

The increased amount of zinc lost 
and the additional amount of by-prod- 
ucts to be treated for the recovery of 
copper results in an estimated differ- 
ence in returns of approximately $20.00 
per ton of scrap brass treated, in favor 
of the induction furnace. 

The amount of zinc left in the re- 
sidual copper from the distillation is 
under the control of the operators and 
it has been commercially varied from 
less than 1.5 to 3.5 pct depending upon 
the planned disposal of the residual 
metal. The results enumerated above 
were predicated upon a use where it 
was desirable to obtain the maximum 
production and anything under 3 pct 
zinc in the residual copper was ade- 
quate. The temperature of the residual 
copper as tapped from the distillation 
furnace was approximately 3200°F. 
However, these furnaces have been run 
for considerable periods at much higher 
temperatures, and in one plant the 
operating temperature is sufficiently 
high to reduce the zinc content of the 
residual metal to less than 1.5 pet. This 
corresponds to a metal temperature of 
approximately 3500°F. 

There have been no changes made in 
the condenser or furnace operating 
temperature from that described in the 
previous paper. Therefore the copper 
content of the zinc slabs produced is 
approximately the same, that is, 0.75 


pet. The lead content of the zinc pro- 
duced was 3+ pct which is normally 
liquated to Prime Western quality. 

In general, it has been found that 
from 35 to 45 pct of the lead content of 
the scrap metal is distilled with the 
zinc. All of the other contaminants 
have very low vapor pressures at the 
operating temperatures and_ conse- 
quently copper and lead are the only 
metals in significant quantity carried 
to the condenser by the zinc vapor. 


CONVERTING RESIDUAL METALS 


Since the publication of the previous 
paper the plants that have installed 
this equipment have desired the resid- 
ual metal for purposes different from 
those described in that publication. In 
one plant the residual metal was in- 
tended to be made into shot for the 
manufacture of copper sulphate. In 
another the residual metal was intended 
for electrolytic copper refining and in 
others the residual metal was to be 
converted for use in the manufacture of 
copper base ingot alloys. The revised 
flow sheet (Fig 1) shows the use of a 5 
to 10 ton converter instead of the 50 
ton previously described. In operating 
this small converter the residual metal 
is transferred directly from the distilla- 
tion furnace and copper oxide added 
in definite amounts or air blown through 
the metal to some definite control 
point, for instance, iron to —0.02 pct, 
depending upon the end uses as 
enumerated above. There is nothing 
particularly new in this general opera- 
tion. However, it is believed of interest 
to note that the iron can be reduced to 
the third decimal point in percentage 
while 0.75 to 1 pct zinc is still present 
and that in so doing only about 10 pct 
of the lead and tin present is removed. 
After the iron is removed the zinc, tin, 
lead and nickel are eliminated concur- 
rently but in the order given. 

It is common practice in recovering 
zinc from galvanizers dross to use the 
retort process. It is well-known by 
those operating such equipment that 
it is becoming more and more difficult 
to obtain labor that is willing to per- 
form the hot, smoky and dirty task con- 
nected with this process. 

One of the Wilkins-Poland units de- 
signed for handling scrap brass was 
modified to permit a pilot plant opera- 
tion on the distillation of galvanizers 
dross, scrap die castings and other 
scrap zinc and subsequently the engi- 
neering company licensed to build these 
furnaces has designed a unit especially 
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Table 2. 


Comparison of Wilkins-Poland Unit vs. Retort Plant 


Recovery Retort Plant 


Zinc content of galvanizers dross AVELARE TIT fe oe ee ee nee anes hes ete 
Zinc slabs produced—pct of gross weight..........--- 2-0-0 6s eer c eee e sees 
Losses of Gross Weight B 
to-melting SKims...2. <2 dance Wee ne ee lege ne eee eee 2 
to retort residues—28 pct Zinc. ..... 5.060 we ees ans 
40 Blue POW! ea: ccc 5 <de-where © ism Hae Spa ime foe oh ee de eee ced Ce Ve 
to! fame’and other. volatile; i. c6 cy. ccu 0 coceeie  peeee ee a —2 
Pct recovery Zinc Slabs ———....... 0.26 c eee ee ee ees 92 
d oe $30,000.00 
CDC OEEW (0,0 eB ee ot sae cure LT) Sac Ocurmrn Soe Coast eNO 
Enitohoost Recor sey Wilkins-Poland Unit with Ajax-Tama Melting Furnace Attached 
Zine content of galvanizers dross AVOLALCS ci coh eae en ee 93.5 
Losses 5 
tosmelting skim@iiatsn ca ces see eat ee en eee ae 
to retort residue—S8 petzine... 5.6. caine Seles oe eee epee ere teen cri 5 
to blue powdervand! volatile. 00) 2. oie cue eee rete eee ented aneneiacarna aS 2 
‘Zinc ‘slabs: TOECOV ELC ico. .c se Nee ee eee OIE recta ae eer Serta peace clay china 90 
22 96 
Pct recovery PRE eR rn eae peg Sera Re co et 
Initial cost:estimated 5 oo... er ay Ce ea eet eae Sey cao $100,000.00 
Estimated Operating Cost per Ton in Retort Plant Producing 15 Tons per Day 
Mabor=5 hriper tontat $1-505per bre 55. .can. © ene ee es nape a ones $ 7.50 
Retorts at S200 Cael. 65d csk ce eee ae ee als PN Sry od So ees cats 4.00 
LOO;ealfuel! OMe oe es ac. kas eo ae ee eer Le rae Bes esa 10.00 
Repairs and replacements retorts... 20.5. 5... te le ee ce ee es 2.00 
$23.50 
SO pet OVEL Read cance ies cree eee oe ce pete cae ge alleen LES 
$35.25 
Amortization of equipment, 10 pct of $30,000. operating 325 days per yr and 3 
PLOGUCIN GAS UoRCONS DER AY Tepes, cee aus eee sede See evar mek ie al wate jon osha Cekaceps seston s\7al 0.62 
$35.87 
Estimated Operating Cost per Ton in Wilkins-Poland Furnace Producing 15 Tons per Day, 
750 KVA neaey 
Labor—2 men each shift—48 labor hr—3.2 at $1.50..............-....-040-- $ 4.80 
Power—1150 kw hr per ton at 0.9 cents. sah ou Bate coal pel a. Une ae ce 10.35 
150 kw hr per ton melting—1150__ 
1000 kw hr per ton a ceuline 
Repairs at $2.00 per ton. : ciadiis gin? atiyigt pie ee ey ee 2.00 
$17.15 
EUR YOO D So * Crt) ee nEmn erat ao, Polis. she, Wndnals Mar cymcke Does 8.57 
$25.72 
Amortization of equipment, 10 pct of $100,000 operating 325 days per yr and 
producing-4875 tons: per yrsin 5 chee ea ne see eee ata co. oye 2205 
$27.77 
This comparison shows that the savings in operating costs per ton in Wilkins- 
Poland furnace areas: ery Mie ieee sn Sadar ees Sqn Sagoo 8.10 
In addition there is an estimated 4 pct additional recovery which amounts to 
2000 lb X 4 pet X 18 cents .. 14.40 


Total savings to be expected from the use of the Wilkins-Poland furnace 


.. $22.50 per ton dross 


Inasmuch as a production of 4875 tons per yr is involved, a total savings would amount to about 


$109,000 per yr. 


adapted for this purpose. This unit con- 
sists of a special type low frequency 
furnace connected directly to the 
Wilkins-Poland distillation furnace of 
standard type. 

Table 2 summarizes the results of the 
pilot plant operation, the estimated 
cost and the savings to be made. The 
comparison has been based on the op- 
eration of one Wilkins-Poland unit of 
750 KVA capacity which is capable of 
processing 15 tons of dross per day vs. 
a retort plant equipped with 10 retorts 
of 4,000 lb capacity each. There will 
probably be plants in which this size 
unit would be too large and it is there- 
fore planned to also build these units 
in sizes about one-half this capacity. 
This smaller size unit may result in a 
slightly higher labor cost as compared 
to the larger unit. However, the sav- 
ings as compared with the operation of 
an equivalent retort plant would be in 
proportion. 

It should be noted that the above 
savings are a comparison in the operat- 
ing cost between the two types of 
equipment and that there would be 
additional savings in freight and treat- 
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ment charges where the equipment was 
installed at a galvanizing plant. 

In presenting the foregoing figures I 
am aware that cost figures will vary 
from plant to plant and from month to 
month in a given plant. The figures 
given represent. a pilot operation on 
full scale equipment insofar as the 
treatment of drosses in the resistor 
furnace is concerned. They do not, 
however, comprehend the over-all op- 
eration of a large plant. 

The cost projected for a retort plant 
operation represents the best average 
that could be established on informa- 
tion supplied by operators of plants of 
this type. 

A typical analysis on galvanizers 
dross is copper 0.01-0.04 pct, lead 
0.2-1.0 pct, iron 2.9-3.5 pet, aluminum 
nil, zinc balance. The slab zinc pro- 
duced from this type of material will 
run less than 0.02 pct iron and under 
Prime Western requirements in lead. 
The balance is zinc. 

The furnace as designed for the dis- 
tillation of galvanizers dross and other 
scrap zinc products has a relatively 
deep hearth so that the iron residue 


may be accumulated for several days 
at which time it becomes necessary to 
stop charging and increase the tempera- 
ture of the furnace to the melting point 
of the iron, that is, approximately 
2750°F. This allows the residue to be 
tapped as a liquid containing approxi- 
mately 8 pct zinc and the balance iron 
and lead. This residue can be sold to 
plants operating lead blast furnaces. 
However, there has been no credit 
given to the Wilkins-Poland furnace 
cost estimate for this item. 

In the pilot plant operation gal- 
vanizers dross, scrap die castings and 
other scrap zinc, and the like, were re- 
distilled, producing slab zinc running 
between intermediate and high grade 
quality. This was accomplished by 
placing a small condenser in series with 
a regular condenser and returning an 
approximately 10 pct fraction con- 
densed in the first condenser to the 
furnace. The principal reason for doing 
this was to obtain zinc extremely low 
in aluminum. The bulk of the material 
under these conditions was spectro- 
scopically free from this element. 

In distilling zinc from galvanizers 
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dross and other scrap zinc, the furnace 

_can be operated so as to deliver a quite 
uniform amount of vapor to the con- 
denser. This should prove very desir- 
able in the production of zinc dust 
which is usually made from this source 
of zinc. 


FURNACE IMPROVEMENTS 


Improvements in construction have 
been made to the resistor furnace to 
reduce the heat losses, particularly at 
the top and side walls above the metal 
line. This was accomplished by more 
liberal use of lampblack insulation be- 
tween the carbon and refractory lining 
on the side walls and by raising the in- 
sulators to a more remote location from 
the roof plates over the resistors. In 
consequence of this the weight of the 
roof and therefore the crane capacity 
to remove it when necessary was re- 
duced from approximately 15 tons to 
approximately 5 tons. The power con- 
sumption on this later designed furnace 
is approximately 100 kw hr per ton less 
than on the original design. 

Nonmagnetic steel has been inserted 
in the area influenced by the magnetic 
field of the lead-in terminals and the 
use of-noninductive busses combined 
with the noninductive arrangement of 
the resistors results in a power factor of 
between 93 and 96 pct. This high 
power factor and steady load are of dis- 
tinct advantage in that the lowest 
power rates are granted and the initial 
cost for electrical equipment is at a 
minimum. 

Electric arc furnaces have been and 
are being used successfully for the 
melting of electrolytic copper cathodes 
and a further extension of this applica- 
tion is being made. The difference in 
the characteristics between the arc 
furnace and the Wilkins-Poland re- 
sistor furnace are such that a considera- 
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ble reduction in the installed KVA for 
any given capacity would result in a 
substantial saving. Increased efficiency 
due to the reduced radiation losses and 
extremely low replacement cost of the 
resistors as compared with arc elec- 
trodes makes the resistor furnace more 
economical than the arc furnace. 

Special applications of the Wilkins- 
Poland furnace are being given con- 
sideration where the use of helium, 
argon, chlorine and nitrogen are to be 
used as atmospheres. Past experience 
with nitrogen as an atmosphere has 
shown that this type furnace can be 
made practically gas-tight and there- 
fore it is practical to use these expen- 
Sive gases where necessary. 

There have been no changes in the 
dimensions or design of the condenser. 
However, one installation is being 
built in which a small primary con- 
denser will be inserted between the fur- 
nace and the regular condenser. The 
purpose of this is to condense a 10 to 
15 pct fraction of the zinc at this point 
in order to reduce the copper and lead 
in the approximate 85 pct remainder. 


ECONOMICS 


As stated in the previous publication 
the initial investment for building a 
plant to recover metallic zinc from 
scrap brass is appreciably less for this 
process and equipment than for any 
previous processes. The operating labor 
hours and other items as given in the 
previous publication are still applicable. 
However, the power required has been 
reduced approximately 100 kw hr per 
ton. 


Summary 


It has been shown that the high 
temperature electric resistor furnace 
distillation of zinc from secondary 
metals has proven, with further de- 


velopment and use, to be superior in 
economic and metallurgical results to 
the older equipment and process. 

The economics of melting miscel- 
laneous scrap brass for the recovery of 
metallic zinc has been discussed and it 
has been shown that induction electric 
melting is more economical for this 
purpose than fuel fired furnaces. 

The electric melting of electrolytic 
copper cathodes has been suggested as 
an application for the resistor furnace 
because it is believed to be more eco- 
nomical than the present 250 ton fuel 
fired reverberatory furnace practice for 
the production of tough pitch or oxygen 
free shapes. For this purpose the 
Wilkins-Poland resistor type furnace 
would be competitive in installation 
and operating costs. 

Several new installations are in the 
engineering stage. These plants will be 
located both in this country and in 
Europe. 

Although it is rather difficult to ob- 
tain prompt delivery of the trans- 
formers and other electrical equipment 
necessary for these furnaces at this 
time, the expansion in their use to date 
and the degree of interest as shown by 
inquiries for its application to other 
fields give every reason to believe that 
this new metallurgical furnace will find 
a wide and diversified use in the metal- 
lurgical field in the future. 


Acknowledgments 


Acknowledgment is made for data 
obtained from Mr. Fred Rehns, Brook- 
lyne Chemical Co., Baltimore, Md.; 
Mr. Daniel Ogden, The American 
Metal Co., New York, N. Y.; Mr. 
Mario Tama, Ajax Engineering Corpo- 
ration, Trenton, N. J., and to Mr. R. 
A. Wilkins for permission to publish 
the information contained. 


Metals Transactions, Vol. 185... . 359 


Cadmium Reeovery Practice 
at the Donora Zine Works 
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Introduction 


Cadmium, along with other impuri- 
ties such as lead, gallium, germanium 
and indium, is characteristically found 
associated with zinc ores, the average 
ratio of zinc to cadmium being about 
200 to 1. The increasing demand for 
cadmium has led most zinc producers 
to develop a means for its recovery. 
The separation and recovery of this 
byproduct. constitutes an important 
development in the metallurgical field. 

Zinc sulphide concentrates, princi- 
pally from domestic sources, are proc- 
essed at Donora Zinc Works and they 
assay approximately 60 pct zinc, 30 pct 
sulphur, 0.37 pct cadmium, and 0.8 pct 
lead. Concentrates are roasted to con- 
vert zinc sulphide to zinc oxide. Sulphur 
evolved as sulphur dioxide is used to 
manufacture 60° Baume sulphuric acid 
by the lead chamber process. The 
roasted calcine is sintered to remove 
the remaining sulphur and volatile im- 
purities. Fume from the sintering ma- 
chines is collected by Cottrell pre- 
cipitators and sent to the Cadmium 
Department for cadmium removal. 

The sintered product, a crude zinc 
oxide, is then mixed with coke and salt 
and charged into horizontal retorts for 
reduction to zinc metal. Furnace resi- 
dues are then passed through a Waelz 
kiln which recovers practically all of 
the remaining zinc as an oxide. This 
oxide is collected by Cottrell precipi- 
tators and returned to the sintering 
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plant for further processing. 

The following discussion covers oper- 
ating procedure, and equipment used 
in the Cadmium Department for the 
manufacture of cadmium and its by- 
products. (See attached Flow Sheet, 
Fig 1.) 

The production of cadmium may be 
divided into several steps, each of 
which will be discussed separately. 
These steps are as follows: 

1. Raw Materials—Sinter Plant Cot- 
trell dust, acid sludge and sulphuric 
acid. 

2. Sulphating—Separation of lead. 

3. Purification—Separation of im- 
purities other than zinc. 

4. Precipitation—Separation of cad- 
mium from zinc. 

5. Briquetting—Preparation of 
sponge for charging to furnace. 


6. Smelting—Distillation of  cad- 
mium metal. 
7. Remelting—Casting into com- 


mercial shapes. 

8. Recovery of Rare Metals—Sepa- 
ration of germanium, gallium and 
indium. 


Raw Materials 


The raw material, or Sinter Plant 
Cottrell dust, from which the cadmium 
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is manufactured, is recovered by Cot- 
trell units collecting fume from two 
Dwight-Lloyd sintering machines. An 
average analysis of this dust is 36 pct 
zinc, 1.5 pet sulphur, 17 pet lead, and 
5.5 pet cadmium, with associated ele- 
ments in smaller amounts. A lesser 
tonnage of material removed from the 
sintering machine fans, and called fan 
cleanings, is also treated for cadmium. 
It is lower grade material and analyzes 
approximately 41 pct zinc, 1.2 pct sul- 
phur, 14 pct lead, and 4 pet cadmium. 
Cottrell dust and fan cleanings are de- 
livered to the Cadmium Department 
by monorail crane in bell-bottomed 
dump buckets. 

Acid sludge and 60° Baume sulphuric 
acid are received from the Acid De- 
partment. The acid sludge is a mixture 
of lead sulphate, sulphuric acid and 
zinc sulphate, and is recovered mainly 
from the floors of the acid chambers or 
storage tanks. The acid sludge is de- 
livered to the Cadmium Plant in a lead 
lined bucket. The 60° Baume sulphuric 
acid is delivered through a lead pipe 
to a lead lined storage tank. 


Sulphating 


Four well ventilated lead lined sul- 
phating tanks, 814 ft in diam by 12 ft 
deep, are used. These are steel tanks 
lined with 20 lb lead on the bottom 
and 16 lb lead on the sides, equipped 
with Hastelloy side agitators. 15 hp 
motors drive 24 in. propellers at 450 
rpm. There are water connections to 
stuffing boxes to keep sludge from 
entering the bearings. The tanks are 
covered with removable wooden lids 
and are connected to marine plywood 
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stacks. The bottoms of the tanks slope, 
1 in. per ft, to 4 in. Everdur bronze 
gate valves. There are air, steam, 
water, acid and weak liquor connec- 
tions to each tank. 

In the treatment of dust, 3 to 4 ft 
of water, or weak cadmium wash liquor 
from a previous batch, is added to the 
sulphating tank. While this solution is 
being agitated a bucket of dust is 
placed on the dumping ring on the 
tank and the dust added slowly over a 
period of 15 to 30 min. An average 
bucket of Cottrell dust weighs 5 or 
6 tons. 

Acid sludge, when available, is added 
at this point to supply the necessary 
sulphuric acid for treatment. Care must 
be taken that too much sludge, and 
consequently too much sulphuric acid, 
is not added. All excess acid must later 
be neutralized with zinc dust. When no 
acid sludge is available 60° Baume sul- 
phuric acid, from the Cadmium Plant 
storage tank, is used. The sulphating 
tank is then brought to a boil with 
steam to dissolve soluble material. 
Usually 4 to 6 hr of boiling and agi- 
tation are needed. The acidity is so 
adjusted that, upon final dilution with 
water, the solution will show approxi- 
mately 1 pct acid. After dilution the 
steam is shut off and the lead sulphate 
allowed to settle. This settling period 
may be 6 to 8 hr. © 
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FIG 1—Flow sheet. Fire metallurgy of cadmium. 


To determine the acidity of the solu- 
tion, a 10 ml sample of the liquor is 
titrated with sodium hydroxide using 
methyl orange as the indicator. It may 
be necessary to filter the sample before 
titration. 

The purpose of the sulphating treat- 
ment is to put cadmium and zinc into 
solution and to convert lead to lead 
sulphate. The lead sulphate is practi- 
cally insoluble and settles to the tank 
bottom leaving 7 or 8 ft of clear liquor 
above it. When the sample cup shows 
that the lead sulphate has settled suf- 
ficiently, a suction hose, from a lead 
LaBour pump, is dropped to within 
6 in. of the mud level of the tank and 
the clear liquor decanted to one of the 
purification tanks. When the batch of 
clear liquor has been pumped out, the 
tank is ready for treatment of more 
dust. Usually two buckets of Cottrell 
dust and two tanks of acid sludge may 
be treated before it is necessary to re- 
move accumulated lead sulphate. If no 
sludge is available, and sulphuric acid 
is being used in treatment, three 
buckets of dust may sometimes be 
treated before lead sulphate removal. 

The above treatment and settling 
time will vary somewhat with the den- 
sity, moisture content, chemical char- 
acteristics, and physical properties of 
the dust and sludge. 

After the second or third batch of 
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clear liquor has been pumped to the 
purification tanks, the remaining lead 
sulphate is given a 1 pct sulphuric acid 
wash and several water washes. The 
acid wash is decanted to the purifica- 
tion tanks and treated as regular preg- 
nant cadmium solution. The final 
washes of 2° Be’ or less are decanted 
to storage for subsequent use as make- 
up water in the sulphating tanks. The 
accumulated lead sulphate is then 
pumped, asa slurry, to 25 X 50 ft con- 
crete storage bins where it can again 
settle, and the water can be decanted 
off as necessary. 

The lead sulphate is allowed to 
accumulate during the winter and in 
summer weather it is air-dried for 
shipment to lead smelters. This finished 
lead sulphate assays approximately 
63 pet lead, 1 pct zinc, 0.2 pct cad- 
mium, and may contain small amounts 
of silver. The use of acid sludge in- 
creases the lead content of the lead 
sulphate. 


Purification 


The two purification tanks are 814 ft 
in diam and 15 ft deep. They are 
equipped with agitators, and individu- 
ally ventilated. Each tank has a hinged 
cleanout door at the bottom which 
closes with a wheel clamp. These tanks 
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are agitated while the clear acid liquor 
from the sulphating tanks is being 
pumped into them. Zinc dust, or fine 
zinc skimmings, is added during agi- 
tation in sufficient amount to neutralize 
the solution. This addition of zinc pre- 
cipitates part of the cadmium and 
nearly all impurities such as lead, tin, 
copper, silver, gallium, indium and 
germanium. It is very important that 
these purification tanks be well venti- 
lated because of evolution of nascent 
hydrogen from the reaction of zinc and 
sulphuric acid. 

The zinc dust or skimmings used as 
a precipitant is a mixture of metallic 
zinc and 5-10 pct zinc oxide. Normally 
100 to 200 lb of zinc dust are needed 
to raise the hydrogen ion concentration 
of the batch to. 5.5. The neutral point 
is checked with methyl red or prefer- 
ably with Hydrion pH test paper. The 
tank is then agitated for several hours 
and allowed to settle. When the solu- 
tion has settled a suction hose is 
dropped to within 6 in. of mud level 
and the clear liquor decanted to the 
precipitation tank by a LaBour pump. 
The purification tank is then ready for 
another batch of liquor from the sul- 
phating tanks. 

The liquor pumped to the purifica- 
tion tanks will have a Baume of 20 to 
25° and, as stated before, will run about 
1 pct acid. Higher acidity may cause a 
violent evolution of hydrogen and ex- 
cessive foaming. The Baume must also 
be kept within reason, since usually the 
higher Baume solutions settle very 
slowly. When sufficient sludge has ac- 
cumulated to prevent the tank from 
settling properly it is removed as 
discussed later under “Rare Metal 
Recovery.” 


Precipitation 


The precipitation tank is identical 
with the two that are used for purifica- 
tion. The clear liquor from the purifi- 
cation tanks is pumped into this tank 
and enough sulphuric acid added to 
raise the acidity to 0.5 pct. Screened 
zinc dust or zinc skimmings is then 
added slowly to the agitated solution 
to precipitate cadmium sponge. Hydro- 
gen is evolved by the reaction of zinc 
and sulphuric acid, therefore good 
ventilation is also necessary here. The 
solution must be kept acid, since a 
basic solution will precipitate a sponge 
which is not suitable for briquetting. 
A polished strip of metallic zinc is used 
to determine when all the cadmium 
has been precipitated. The zinc strip 
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will show no black stain when dipped 
in liquor from which all cadmium has 
been removed. The experienced oper- 
ator can usually determine the end 
point visually as there is considerable 
gas evolved. At this point care must 
be taken to prevent excessive foaming 
or the tank may overflow. 

When the end point is reached, the 
agitator is turned off and the grey 
metallic sponge settles quickly to the 
bottom of the tank. The clear liquor is 
then decanted to a settling tank. The 
sponge is not removed after each pre- 
cipitation but is allowed to accumulate 
until 2000 to 3000 lb are in the tank. 
When ready for removal, the sponge is 
given a 1 pct cold acid wash followed 
by about six cold water washes. After 
pumping off the final water wash, the 
bottom door of the tank is opened and 
the sponge shoveled into barrels. The 
barrels of sponge are immediately 
covered with water to prevent oxida- 
tion. If allowed to stand in the air, the 
sponge becomes very hot and changes 
to the oxide. The sponge contains 90 to 
95 pet cadmium, | to 2 pct zinc, 1 to 
2 pet lead plus other impurities in small 
amounts. Most of these impurities are 
carried from the purification tank to 
the precipitation tank mechanically 
since the liquor does not always settle 
water clear. Also, pockets of gas in the 
mud on the tank bottom are released 
as the liquor above is removed and this 
disturbance in the tank causes some 
impurities to be carried over. 

Following the precipitation tank are 
two settling tanks 10 ft in diam and 
10 ft deep with agitators. The liquor 
pumped from the precipitation tank 
usually contains small amounts of cad- 
mium which either are not precipitated 
or have gone back into solution. A 
small amount of zinc dust is added to 
the liquor pumped to the settling tank 
for removal of this last trace of cad- 
mium and to neutralize any remaining 
acid. The tank is agitated until a test 
with tri-methyl-phenyl-ammonium io- 
dide shows no cadmium in solution. 
The tank is allowed to settle clear. 

This clear liquor is then pumped to a 
storage tank: The sponge which collects 


in these tanks is removed periodically 


and returned to the purification tanks, 
as it is not suitable for briquetting. 
Part of this liquor is pumped to the 
sintering plant and serves as a wetting 
agent in the charge going to the sinter- 
ing machines. Any excess wash liquor 
is treated with lime at the Cadmium 
Department and the precipitated zinc 
oxide and calcium sulphate, after being 


filtered and dried, is sent to the sinter- 
ing plant. 


Briquetting 


The cadmium sponge from the pre- 
cipitating tank is briquetted im a 
Watson-Stillman press operated by an 
Oilgear hydraulic pump. This hydraulic 
press has a mold 6 in. in diam and 4 in. 
deep. The sponge is removed from the 
stock barrels and placed on the press 
table. To make a briquette, the mold 
is filled with sponge and pressure is ap- 
plied. The upper plunger moves down 
and forces the pressure plate into the 
mold. Pressure is applied until the 
water and gas are squeezed out of 
the sponge and plunger stops moving— 
a matter of 5 to 10 sec. The upper 
plunger is then withdrawn and a lower 
plunger comes up, forcing the briquette 
from the mold. The briquettes are re- 
moved, as made, to a weighing scale, 
until 500 Ib have been made. These 
500 lb batches of briquettes are then 
returned to a barrel and again covered 
with water. 

The finished briquette is 6 in. in 
diam and from 14 to 1 in. thick. The 
total pressure applied is approximately 
3500 psi. The water and fine particles 
of sponge, draining away from the 
press, are returned to the purification 
tank. This press will make from 1500 
to 2000 lb of briquettes per 8 hr shift. 
The finished briquettes contain about 
10 pct water. The briquettes appar- 
ently are not affected by being stocked 
under water, although when held for 
a considerable time hydrogen gas is 
slowly evolved. 


Smelting 


There are four tilting type furnaces 
for the distillation of the cadmium 
briquettes, each of which contains a 
Lava No. 40 graphite type retort and 
a cast iron condenser. They are fired 
by natural gas using a zero gas gover- 
nor which gives a constant gas and 
air ratio. The distillation furnace is 
mounted with short axles on cast iron 
trunions and may be tilted by a hand 
wheel gear and pinion from a 30° distil- 
lation angle to a horizontal position for 
cleaning. The furnace is a cylindrical 
steel shell lined with firebrick and has 
two tangential burner ports diametri- 
cally opposite at the base of the shell 
to give the gas a swirling motion for 
uniform heating of the retort. The cast 
iron condenser is mounted on a four 
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_wheeled iron carriage for convenient 
removal. 

About an hour before charging a re- 
tort, 500 lb of briquettes are removed 
from under water and allowed to drain. 
The 500 lb charge is then placed in the 
hot retort. The cast iron condenser is 
placed in position over the retort and 
sealed with clay. In approximately one 
hour, steam from the charge is driven 
off and the metal begins to distill. The 
distilled cadmium is tapped, as often 
as necessary, into iron molds. Ordi- 
narily it takes from 16 to 20 hr for a 
charge to work off. When the cadmium 
has distilled, the condenser is removed 
and the residue and slag scraped from 
the retort. The retort is then ready for 
recharging as before. An average 500 Ib 
charge of briquettes will produce about 
375 lb of metal and 35 lb of residue plus 
some condenser cleanings. 

Cadmium residue, from the retorts, 
is crushed and accumulated for retreat- 
ment in the sulphating tanks with acid. 
The acid insoluble material is sent to 
the Waelz Oxide Plant for removal of 
residual cadmium. Any slag formed 
during smelting is also collected and 
sent to the Waelz Oxide Plant. Con- 
denser cleanings are usually high in 
metallic cadmium and are recharged 
into a retort in separate batches. Fumes 
and dust from the furnaces are collected 
by hoods and recovered by a cyclone 
and Dracco dust catcher. This dust and 
fume are accumulated and acid treated 
along with residues. 

The cadmium metal recovered from 
briquettes is ordinarily too high in lead 
for commercial use and must be re- 
distilled. A 1000 Ib charge of metal is 
placed in a relatively new retort and 
distilled as above, tapping metal from 
the condenser as often as necessary. A 
1000 Ib charge will normally produce 
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975 lb of metal ready for casting into 
commercial shapes. 


Remelting 


Redistilled cadmium is accumulated 
until a sufficient amount is on hand to 
fill an order or until it is convenient to 
recast it into commercial shapes. The 
cast iron melting pot is gas fired. It is 
hemispherical in shape, being approxi- 
mately 4 ft in diam. A considerable 
amount of skimmings, consisting of a 
mixture of cadmium oxide and metal, 
collects on the pot of molten metal and 
must be skimmed off occasionally. These 
skimmings are accumulated for recharg- 
ing into the cadmium furnaces. If the 
pot of molten metal is held at a high 
temperature too long, small amounts of 
zinc present will burn off and the cad- 
mium metal will oxidize excessively. 
The temperature is kept slightly above 
the melting point of 320.9°C. The 
molten cadmium is ladled from the 
melting pot and cast into commercial 
shapes. The finished metal will run less 
than 0.1 pct zinc and less than 0.02 pct 
lead, plus spectrographic traces of 
several other elements. 


Rare Metal Recovery 


As stated under the heading of 
‘* Purification,”’ the impurities removed 
from the cadmium liquor collect on the 
tank bottom until this bulk becomes so 
great that the solution in the tank will 
not settle properly. At this point, the 
accumulated sludge must be removed. 
This sludge contains cadmium, zinc, 
lead, tin, chromium, copper, germa- 
nium, indium, gallium and traces of 


other elements below zinc in the Elec- 
tromotive Series. Besides the cadmium 
and zinc, the only other elements being 
recovered from this sludge at present 
are the gallium, indium and germanium. 

Previous to its removal, the sludge 
is given several acid washes to dissolve 
as much cadmium as possible. Before 
these washes are allowed to settle, they 
are made basic with a small amount of 
zinc dust to reprecipitate any rare 
metals which may have gone into solu- 
tion. These decanted washes are treated 
in the precipitating tank to recover 
cadmium. The sludge remaining in the 
purification tank is then given a strong 
acid treatment to put as much material 
in solution as possible. After settling, 
the clear portion‘of this solution is de- 
canted to the precipitating tank and 
treated with zinc dust. The precipi- 
tated sponge, containing rare metals, 
is removed, briquetted, and charged as 
usual into the cadmium furnace. The 
residue is saved for rare metal recovery. 
This sponge is occasionally too slimy to 
briquette and, in this case, is dried on a 
hot plate prior to treatment for rare 
metals. Such material may contain 
4-7 pet germanium, 5-10 pct indium 
and less than 1 pct gallium. 

The insoluble material remaining in 
the purification tank, after the strong 
acid treatment, is mainly lead sulphate 
and contains approximately 5 pct cad- 
mium, 0.7 pct germanium, and 0.1 pct 
indium. This residue is pumped as a 
slurry to a storage bin for future 
treatment. 

A separate set of tanks is used for 
rare metal recovery. Gallium, indium 
and germanium are currently being re- 
covered and purified but it is be- 
yond the scope of this paper to go 
into the methods of concentration and 
purification. 
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On Feb. 16, 1948, the Board of 
Directors of AIME authorized the 
publishing of ‘Technical Notes” in 
Metrats Trecunouiocy (as of Jan. 1, 
1949, Transactions Section, JOURNAL OF 
Metats - TECHNOLOGY - PRACTICE). 
The purpose is to provide prompt publi- 
cation of rery short items of the follow- 
ing general types: 

1. Results of short investigations 
which do not warrant a paper. 

2. The conclusions of extensive in- 
vestigations of insufficient general 


Technical Notes 


interest to justify a regular paper. 

3. Conclusions arising in the course 
of an investigation, which, because of 
interest to others in the field, the 
author wishes to present prior to com- 
pletion of the investigation. 

4. Pertinent factual comment (not 
mere argument) on the subject matter 
of previous “‘ Notes.” 

Such Notes will be subject to the 
approval of the Auxiliary and AIME 
Publications Committees, but can be 
handled more promptly than regular 


papers because they need not be re- 
ferred to readers. The recommended 
maximum length is 500 words; notes in 
excess of 1,000 words will not be con- 
sidered for this type of publication. A 
graph or photograph may be included 
as part of the note when particularly 
illustrative. As with regular papers, 
contributions to the new section should 
be submitted to the Secretary of the 
AIME. Please furnish two copies each 
complete with illustrations. 


The Statistical Nature of the Endurance Limit 
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For many years the Metals Research 
Laboratory of Carnegie Institute of 
Technology has been concerned with 
the statistical nature of the engineering 
properties of steel from an experi- 
mental viewpoint, particularly those 
properties representing ductility. In 
the past three years new work has been 
directed toward evaluating the sta- 
tistical nature of the endurance prop- 
erties. It has been shown that both 
the fracture curve and the endurance 
limit in fatigue are markedly statistical 
in nature. 

The S-N curve (and the endurance 
limit) of ferrous materials is often 
determined with specimens which num- 
ber as few as ten. The common pro- 
cedure is to test the first specimen at a 
stress well above the expected endur- 
ance limit. Each succeeding specimen 
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is then tested at a progressively lower 
stress, until, after five or six tests, a 
specimen runs ten million or so cycles 
without failing. Two or three more 
specimens are then used to find the 


Technical Note 15 E. Discussion of 
this note (2 copies) may be sent to 
Transactions AIME before August 1, 
1949. Manuscript received February 
14, 1949; revision received April 8, 
1949. 
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+ Head, Department of Metal- 
lurgical Engineering, and Director, 
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negie Institute of Technology, Pitts- 
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1 References are at the end of the 
note. 


highest stress at which failure will not 
occur; the limiting stress determined 
in this way is called the endurance 
limit. It has now been found, however, 
that the variability in the fracture 
curve and in the endurance limit in 
heat-treated alloy forging steels is so 
great that S-N curves must be drawn 
on the basis of distribution curves 
which can be appraised only by sta- 
tistical methods. 

Two methods have been adopted in 
this study: (1) straightforward sta- 
tistical studies of cycles to fracture of 
a number of specimens at each of a 
series of stress levels, and (2) a new 
abbreviated statistical method, known 
as “‘staircase testing.”? The latter 
consists in testing a series of speci- 
mens, one by one, with the test stress 
for any given specimen automatically 
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SAE 4340 STEEL 
TRANSVERSE TESTS 
RR. MOORE TYPE 
STEP SIZE = 500 Psi. 
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determined by whether the preceding 
specimen failed or ran out unbroken 
through ten million cycles. The stress 
for the first specimen is chosen at a 
level where 50 pct failures would be 
expected if a large number of speci- 
mens were so tested, that is, at about 
one-half the tensile strength for steels. 
If the first specimen fails, the stress 
for the second specimen is decreased 
by one step, say 500 psi. If the first 
specimen ‘‘runs out’ unbroken, the 
stress for the second specimen is raised 
by one step, and so on. The results on a 
SAE 4340 steel are plotted chrono- 
logically as X’s (failures) or O’s (non- 
failures), as in Fig 1. The X’s and O's 
are then used to compute? d@, the aver- 
age endurance limit (the stress at 
which 50 pct of the specimens would 
fail and 50 pct run out), and oa, the 
standard deviation (if each of a very 
large number of specimens reveals its 
own exact endurance limit, the range 
a@ + 2c would include 95 pct of these 
values). Calculation of the data in 
Fig 1 results in the prediction that the 
true scatter range in terms of +2¢ 
extends from 40,460 to 52,080 psi. 
This result is in conformity with 
findings of the usual statistical ap- 
proach; 146 specimens were tested at 
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SPECIMEN NUMBER 


FIG 1—Results on a SAE 4340 steel. 
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FIG 2—Value of +2c for endurance limit. 


stress levels distributed evenly over 
the 12,000 psi range indicated, and to 
this were added 64 specimens tested 
at stresses above the indicated average 
endurance limit. The value of +20 
for the endurance limit as calculated 
from these data gave 11,250 psi, Fig 2. 
Similar results were found for other 
forging steels in both the transverse 
and the longitudinal directions. It is 
interesting to note that groups of ten 
specimens chosen from the 210 samples 
in a manner to simulate the con- 
ventional testing procedure, but other- 
wise at random, provided eight S-N 
curves with points for each agreeing 


Si 


95% 


a-20 = 40,460 


with the drawn curve as well as on most 
published curves, but each curve 
showing wide divergence from one 
another, giving endurance limits rang- 
ing from 50,000 psi to 41,000 psi; 
such is the way that chance may oper- 
ate, to the deception of the observer, 
in a statistical universe. 

It is evident that estimates of the 
true endurance limit and of the fracture 
curve may be substantially in error 
when based on the small number of 
tests commonly employed. It appears 
that the fatigue properties of such 
steels can be appraised only on sta- 
tistical grounds. Moreover, it appears 
that the endurance limit must be used 
in design in full recognition of its sta- 
tistical nature; if design is based upon 
a stated stress level for the endurance 
limit, then, on principle, a fixed num- 
ber of fatigue failures must be expected. 
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Temper brittleness refers to the loss 
in the notched-bar impact resistance 
encountered in most medium- or low- 
alloy steels when they are tempered 
within the temperature range of 700 
to 1100°F or slowly cooled from a 
higher tempering temperature. Temper 
brittleness is important because it 
impairs the service properties of other- 
wise suitable steels over the range 
of hardnesses obtained at medium 
tempering temperatures and because 
it is impractical to cool pieces of large 
section rapidly enough from higher 
tempering temperatures to prevent 
temper brittleness. 

The problem of temper brittleness 
has always been closely associated with 
ordnance manufacture because armor 
plate and gun steels require good shock 
resistance and are often heat treated in 
heavy section. However, it is now real- 
ized that many brittle failures in struc- 
tural alloy steel parts are attributable 
to temper brittleness, and there is little 
question that it contributes to the low 
impact resistance of alloy steels used 
in the hot-rolled or normalized condi- 
tion which are slowly cooled from the 
hot-rolling or normalizing temperature. 

Recently Hollomon! has presented a 
comprehensive summary of the litera- 
ture on the subject and an excellent 


description of the manner in which | 


temper brittleness affects the notched- 
bar impact resistance and other me- 
chanical properties of steel. 

Carpenter and Robertson? have 
given a good analysis of the probable 
mechanism of temper brittleness, which 
is similar in many respects to the pre- 
cipitation-hardening phenomenon. Fig 
1 is their diagram illustrating the re- 
sponse to tempering of a susceptible 
steel. Three changes are recognized as 
the temperature of tempering a previ- 
ously quenched steel is raised: (1) pre- 
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FIG 1—Effect of tempering on impact 
toughness.” 


cipitation occurs more rapidly and to a 
greater extent and the notched-bar im- 
pact value falls to a minimum; (2) 
coalescence of the precipitated particles 
begins to be effective and the impact 
values for both rapidly cooled and 
slowly cooled specimens increase; (3) 
the precipitate goes back into solution 
at higher tempering temperatures and 
the impact values of specimens cooled 
rapidly enough to retain the solution 
increase, while reprecipitation occurs in 
slowly cooled specimens and their im- 
pact values decrease again. No change 
must proceed to completion before the 
following one begins and there is over- 
lapping in temperature ranges. 
Although there have been a large 
number of experimental investigations 
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of temper brittleness, insufficient evi- 
dence has been accumulated to permit 
definite identification of the precipitate 
wnich causes temper brittleness nor 
have the specific effects on it of various 
alloy elements and impurities in steel 
been definitely established. This lack of 
evidence is largely a result of the lack 
of a suitable measure for temper 
brittleness. 

Temper brittleness is evidenced by 
an increase in the temperature of brittle 
failure of notched-bar impact speci- 
mens, but most of the data are in the 
form of an arbitrary susceptibility 
ratio of the room-temperature impact 
value for specimens quenched from a 
high tempering temper to that of simi- 
lar specimens furnace cooled from the 
temper. It is obvious that this numeri- 
cal ratio is dependent upon the type of 
specimen used and the specific condi- 
tions of testing rather than the charac- 
teristics of the steel. 

In general, manganese, chromium, 
and nickel alloy steels are most sus- 
ceptible to temper brittleness and 
molybdenum has been used to decrease 


JUNE 1949 


Table 1. . . Chemical Analyses of Experimental Steels 


Per Cent 
Type Steel,* 
Pct 
¢ Mn Al 
Si 12) Ss Nddigon Others 

1.0 Mn 0.23 | 0.92 | 0.19 | 0.020 | 0.018 0 

: 5 : ; .10 
LS Ne OP Zon Loon snd || 0.022) | (0.019 0.10 
HE Mn 0.47 | 1.03 | 0.20 | 0.020 | 0.017 0.10 
Eerie 0.27 | 0.19 | 0.27 | 0.018 | 0.017 0.10 2.9 Ni 
a Bs 0.23 | 0.20 | 0.16 | 0.022 | 0.017 0.10 4.95 Ni 
nine: r 0.26 | 0.21 | 0.26 | 0.018 | 0.016 0.10 0872 Cr 
ae 0.24 | 0.20 | 0.18 | 0.020 | 0.015 0.10 1.44 Cr 
rae 0.25 | 0.20 | 0.18 | 0.019 | 0.017 0.10 0.63 Mo 
I. f .0 Mo 
2.0 Ni, 0.1 Ti 0.26 | 0.20 | 0.20 | 0.018 | 0.017 0.10 2.0 Ni, dl 

i ‘ : \ .0 Ni, 0.09 Ti 

2.0 prot Y 0.27 | 0.23 | 0.26 | 0.014 | 0.016 0.10 2.0 Ni, 0.12 
3.0 Ni, 0.1 P 0.25 | 0.20 | 0.16 | 0.110 | 0.016 0.10 3.0 Ni 
1.0 Mn, 0.75 Cr 0.24 | 1.08 | 0.27 | 0.016 | 0.019 0.10 0.77 Cr 
1.0 Mn, 0.75 Cr, No Al 0.25 | 1.11 | 0.24 | 0.018 | 0.020 None 0.76 Cr 
1.0 Mn, 0.75 Cr, 0.20 Mo | 0.23 | 0.99 | 0.20 | 0.016 0.019 0.10 0.78 Cr, 0.20 Mo 
1.0 Mn, 0.75 Cr, 0.50 Mo | 0.23 | 1.06 | 0.22 | 0.017 0.016 0.10 0.76 Cr, 0.50 Mo 
1.0 Mn, 0.75 Cr, 0.75 Mo | 0.24 | 1.03 | 0.26 | 0.018 | 0.017 0.10 0.77 Cr, 0.75 Mo 
1.0 Mn, 0.75 Cr, 0.06 P 0.24 | 1.05 | 0.26 | 0.057 | 0.018 0.10 0.78 Cr 
1.0 Mn, 0.75 Cr, 0.005 P 0.26 | 1.08 | 0.24 | 0.006 | 0.020 0.10 0.75 Cr 
1.5 Mn, 0.005 P 0.27 | 1.51 | 0.22 | 0.005 | 0.021 0.10 


* The intended base analysis was 0.25 pct carbon, 0.20 pet manga 0.20 pct sili 0.02 
phosphorus, 0.02 pct sulphur (0.1 pct aluminum added). e ee 


temper brittleness. The apparent effect 
of phosphorus in increasing temper 
brittleness has been attributed by 
Hollomon' to an increase in the temper- 
ature of brittle failure of nonembrittled 
steels of high phosphorus content which 
in many instances brings the divergence 
in the impact curves between em- 
brittled and nonembrittled specimens 
closer to room temperature. 

Various investigators have suggested 
that the temper-brittleness precipitate 
is a carbide, a nitride, a phosphide, or 
an oxide. Hollomon! states that the 
rate of diffusion of the responsible ele- 
ment is such that either nitrogen or 
carbon appears to be involved. 

A recent study* indicated that 
neither variations in the nitrogen con- 
tent of susceptible steels, nor the addi- 
tion of nitride stabilizing elements such 
as boron, aluminum, titanium, or zir- 
conium have any appreciable influence 
on temper brittleness. It is possible to 
develop a form of temper brittleness in 
low-carbon Armco ingot iron which 
appears to be a result of iron carbide 
precipitate at the grain boundaries. 
However, when the carbon content is 
increased to about 0.15 pct and there 
are a large number of carbide particles 
throughout the grain, the grain bound- 
ary precipitate does not appear and un- 
alloyed carbon steels do not seem to be 
noticeably temper brittle. 

Copper and tin have lower solubility 
in ferrite at normal temperatures than 
in ferrite at higher temperatures and 
when present in sufficient amounts 
(much larger than normal) may pro- 
duce a form of temper brittleness. 
Phosphorus has a solubility of about 1 
pet in iron, and would, therefore, not 


JUNE 1949 


be expected to be a direct cause. 
Neither oxygen nor sulphur is believed 
to have the solubility characteristics in 
ferrite which would lead to temper 
brittleness, nor do the effects of other 
elements on temper brittleness fit in 
with their probable behavior. 

This brief discussion indicates the 
need for further data on the specific in- 
fluence of various elements on temper 
brittleness. The remainder of this 
paper discusses an investigation of the 
susceptibility to temper brittleness of a 
series of experimental low-alloy steels. 


Materials and Test 
Procedures 


Twenty experimental steels of the 
compositions indicated in Table 1 were 
melted by a standard induction furnace 
practice in a magnesium oxide crucible. 
Armco ingot iron was used as a base for 
all except the last two steels, for which 
electrolytic iron was used. One-tenth 
pct each of manganese and silicon was 
added as ferroalloys with the charge. 
Carbon and alloy elements were added 
after melt down. Final deoxidation was 
made 2 min. before pouring, using 
ferromanganese and ferrosilicon in all 
melts and aluminum in all but one. 
All melts were cast into 50-lb cast-iron 
ingot molds at a pouring temperature 
of 2950-3000°F as measured by an op- 
tical pyrometer. 

The 50-lb ingots were forged to 
1144- X 4-in. billets and then rolled in 
the longitudinal direction to 14-in. 
plate at a finish rolling temperature of 
1950°F. Impact bars were cut parallel 
to the rolling direction and ground to 


14g in. square before heat treatment. 
After heat treatment, the bars were 
finish ground to 0.394 in. square, and a 
standard Charpy “V” notch was 
machined on a side perpendicular to 
the original plate surface. This notch 
orientation on rolled plate avoids split 
fractures and meaningless high impact 
values frequently encountered on speci- 
mens from forged bar or plate notched 
parallel to the rolled surface. 

Heat treatments were as indicated in 
Table 2. The cooling rate on bars fur- 
nace cooled from the tempering tem- 
perature averaged 30°F per hr over the 
temperature range of 1100 to 700°F. 
Impact bars were broken in a standard 
Amsler impact testing machine with 
103 ft lb initial energy in the hammer. 
Bars tested at subatmospheric temp- 
eratures were immersed in a dry ice- 
acetone bath for at least 15 min. 
before testing and broken within a few 
seconds of removal from the bath. 
Notched-bar impact values are given in 
Table 2. Rockwell A hardnesses taken 
on a ground surface of bars represent- 
ing each heat treatment and Brinell 
equivalents obtained from the conver- 
sion tables supplied by the Wilson In- 
strument Co. are also given in Table 2. 


Discussion of Results 


The impact results given in Table 2 
are limited to +75°F and —40°F. A 
steel which retains a relatively high 
impact value for the standard Charpy 
V-notch test at the latter temperature 
is generally regarded as sufficiently 
tough for most applications. However, 
it is not certain that a steel which had 
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Table 2... . Results of Notched-bar Impact and Hardness Tests 


V-Notch Charpy Impact 
Quench Hardness Ft Lb 
Tempering z 
Type Steel,* Pct Tempo are Water Quench Furnace Cool 
Temp.,t Media Reokwell Apres, 
a +75°F —40°F +75°F — 40°F 
Ha 3 ; hs 
1.0 Mn 1625 Brine 1200 54-55 181 103, 103 8 103 103, 103 22 a 
1900 rine ; 3, . 
1.5 Mn 1625 Brine 1200 56-57 197 92, 92 85, 101 82, 82 il, a 
es seas Boe) mee |S ee 
12 —5844 F »30- ’ ’ 
3.0 Ni 1625 Brine 1200 54-55 181 103, 103 103, 103 103, 103 26 100 
1900 | Brine 1200 , 10 , 
5.0 Ni 1625 Brine 1200 Wipe i 192 86, 90 38 7 100, 101 88 103 
1150 Y- ae , , ; 
0.75 Cr 1625 Brine 1200 Peat 214 103, 103 103, 103 103, 103 103, 103 
1900 Brine 1200 L297 72 a, ’ 
1.5 Cr 1625 Brine 1200 sereee 223 103, 103 103, 103 103, 103 22 100 
1750 Brine Q- y ’ 
1900 Brine 59-6014 226 103, 103 as 49, 15 
0.5 Mo 1625 Brine 1200 P 61-6144 236 102, 101 65, 38 103, Cope 
1900 Brine 1200 114-6214 : 4, 5 
1.0 Mo 1625 Brine 1200 62-63 248 91,92 37, 20 81, 81 33, 27 
1250 x 38, 1, 
i i ine 1200 55-56 181 103, 103 59,79 103, 103 92, 40 
POSS EA TE oe mee pane 1250 53-5414 178 103, 103 94, 91 103, 103 74,77 
1900 Brine 1200 58-59 214. 2 
i Bri 1200 62-6214 243 103, 97 49, 44 101, 101 31,1 
ea ates ia ji 1250 60-61 232 103,103 71, 54 103, 101 36,41 
1900 Brine 1200 62-63 248 1 
3.0 Ni, 0.1P 1625 Brine 1200 56-57 197 103, 103 84, 58 57, 60 5,4 
eS 1900 Brine 1200 56-5614 194 103, 103 93, 82 09 30, 27 
1.0 Mn, 0.75 Cr 1625 Water 1200 59-60 223 103, 103 97,96 62, 60 ug 
1900 Water 1200 9— : 
604 6 93, 93 79, 58 33, 30 3,4 
ee ee 1638 wore 1200 5932-60" 306 93, 102 57,98 7.8 2.3 
1900 Water 1200 59-6014 226 41, 52 — _ 
1.0 Mn, 0.75 Cr, 0.20 Mo 1625 Water 1200 604-6144 235 103, 103 28 93. 103, 86 {26 81, 
1900 ater 1200 72 , > 
1.0 Mn, 0.75 Cr, 0.50 Mo 1625 Water 1200 62-63 248 87, 88 28 86,79 88, 87 
1900 Water 1200 6214-63 251 95 93 95 81 
1.0 Mn, 0.75 Cr, 0.75 Mo 1625 Water 1200 63-6314 256 103, 96 82,92 72, 69 48,5 
1.0 Mn, 0.75 Cr, 0.06 P 1625 Water 1200 60-61 232 82, 85 38, 49 2/2 i 1 
1.0 Mn, 0.75 Cr, 0.005 P 1625 Brine 1200 5444-56146 80, 82 78.77 80, 80 73,7 
1.5 Mn, 0.005 P 1625 Brine 1200 58-60 90,91 94.95 96,99 82.71 


* The intended base analysis was 0.25 pct C, 0.20 pct Mn, 0.20 pct Si, 0.02 pct P, and 0.02 pct S. 
+ Time at temperature = 1 hr. 
{ Time at temperature = 2 hr. 


equivalent values for furnace-cooled and 
water-quenched specimens at —40°F 
testing temperature would not show 
temper brittleness at lower testing 
temperatures. 

Some measure of the temper brittle- 
ness of the various steels as tested at 
—40°F may be obtained by subtracting 
the average value for the furnace- 
cooled specimens from the average 
value for the water-quenched speci- 
mens. This is believed to give a better 
picture than the susceptibility ratio 
which is affected greatly by small 
differences in the value used for the 
denominator. The relative temper brit- 
tleness of the steels as indicated by 
this measure is shown in Table 3. 

Tables 2 and 3 indicate trends for the 
influence of various addition elements 
on temper embrittlement of the base 
analysis (0.25 pct carbon, 0.20 pct 
manganese, 0.20 pct silicon, 0.02 pct 
sulphur, and 0.02 pct phosphorus) as 
described in the following paragraphs. 

Approximately the same increase in 
hardenability, as calculated by the 
Grossmann method, should be obtained 
in the 1.0 pct manganese, 3.0 pct nickel, 
0.75 pet chromium, and 0.5 pet molyb- 
denum steels. Microscopic examination 
indicated that these steels transformed 


368 . . . Metals Transactions, Vol. 185 


Table 3... Relative Temper Em- 


brittlement of Experimental 
fo) ° 
Steels at —40°F Testing 
Temperature 
Quenching 
Temperature (1) 
Type Steel, Pct 
1625°F | 1900°F 
1.0 Mn 0 0 
1.5 Mn 85 
0.5C,1.0 Mn 13 9(2) 
3.0 Ni 5 0 
5.0 Ni 0(3) 
0.75.Cr 0 0 
1.5 Cr 8 71 
0.5 Mo 0 0 
1.0 Mo 3 0(2) 
2/0 Ni, 0.1 Ti 017(2 9 
2.0 Ni, 0.1V 23.24(2) | 5 
3.0 Ni, 0.1P 59 
1.0 Mn, 0.75 Cr 90 91 
1.0 Mn, 0.75 Cr, No Al 75 44 
1.0 Mn; 0.75 Cr, 0.20 Mo| 12 0 
1.0 Mn, 0.75 Cr, 0.50 Mo| 0 12 
1.0 Mn, 0.75 Cr,0.75 Mo| 37 
1.0 Mn, 0.75 Gr’0.06 P| 42 
1.0 Mn,0.75 Cr,0.005P | 2 
1.5 Mn, 0.005 P 18 


(1) Tempering temperature 1200°F cnlees 
otherwise designated. 

(2) 1250°F tempering temperature. 

(3) 1150°F tempering temperature. 
almost completely to martensite during 
quenching as 14-in.-square bars. All of 
the steels but the 0.5 pct molybdenum 
one maintained high impact values at 
—40°F, and none of them showed tem- 
per brittleness on slow cooling from the 
temper. 


A further increase in nickel content 


to 5. pct lowered the critical tempera- 
ture sufficiently that an intercritical 
structure with resultant low impact 
values was obtained for a 1200°F tem- 
per, but no temper brittleness was ap- 
parent when this steel was properly 
tempered at 1150°F. An increase of 
chromium content to 1.5 pct produced 
slight embrittlement, as did 0.5 pct 
carbon with 1 pct manganese, and 0.1 
pet vanadium or titanium with 2 pct 
nickel. 

Extreme temper embrittlement was 
produced by increasing the manganese 
content of the base analysis to 1.5 pct, 
by the combination of 1 pct manganese 
and 0.75 pct chromium, or by the addi- 
tion of phosphorus to a 3 pct nickel 
steel. 

Further experiments with the 1.0 pct 
manganese, 0.75 pct chromium-type 
steel were made to investigate the in- 
fluence of deoxidation practice and 
molybdenum additions. Comparison of 
the steels, with and without aluminum 
addition austenitized at different tem- 
peratures to produce marked variation 
in austenitic grain size, showed no di- 
rect influences of these factors on 
temper embrittlement. Impact values 
for both water-quenched and furnace- 
cooled specimens were higher for the 
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FIG; 2—Comparative impact values for 0.02 pct P and 
0.005 pct P steels quenched from 1625°F and tempered as 
indicated. 


aluminum-killed steel than for the sili- 
con-killed steel and higher for the 
silicon-killed steel austenitized at low 
temperature to give fine grain size. 

The influence of molybdenum on 
temper brittleness is quite complex. An 
addition of about 0.20 pct molybdenum 
has a well-known beneficial effect in 
decreasing the apparent temper embrit- 
tlement of susceptible steels. Kishkin‘* 
reported that additions of molybdenum 
or columbium, which were effective in 
preventing temper brittleness of sus- 
ceptible steels quenched from 1690°F, 
were ineffective or even increased em- 
brittlement if the steels were quenched 
from 2280-—2370°F. This difference was 
attributed to solution of the molyb- 
denum or columbium carbides in aus- 
tenite at the higher, but not at the 
lower, quenching temperature. Pel- 
lini and Queneau’ reported that temper 
embrittlement developed in steels with 
high molybdenum content during ex- 
tended holding at tempering tempera- 
tures as high as 1200°F. 

The data of Maurer, Wilms, and 
Kiessler® indicate that, if the molyb- 
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denum content is increased beyond a 
critical amount, the susceptibility to 
temper brittleness increases again. The 
results given in Tables 2 and 3 for 
molybdenum additions to the man- 
ganese-chromium steel indicate an 
optimum molybdenum addition which 
is less for a higher austenitizing tem- 
perature. However, these data on 
molybdenum additions, as well as the 
results obtained for 0.5 pct molyb- 
denum, 1.0 pct molybdenum, 2.0 pct 
nickel-0.1 pct titanium, and 2.0 pct 
nickel-0.1 pct vanadium steels heat 
treated at 1625 and 1900°F austenitiz- 
ing temperatures, and 1200 and 1250°F 
tempering temperatures, are quite in- 
conclusive as far as establishing any 
clear picture of the role of these 
carbide-forming elements on temper 
embrittlement. 

In view of the pronounced effect of 
an increase in phosphorus content on 
temper brittleness of the 3 pct nickel 
steel, two additional melts of the most 
susceptible steels (1.0 pct manganese, 
0.75 pet chromium, and 1.5 pct man- 
ganese) were made with an effort to 


obtain a minimum phosphorus content 
(0.005 pet phosphorus). A very marked 
decrease in the temper brittleness of 
these two steels as indicated by tests 
at —40°F (Tables 2 and 3) accom- 
panied the decrease in phosphorus 
from 0.02 to 0.005 pct. In order to de- 
termine whether this could be an indi- 
rect effect of lowering the transition 
temperature for brittle failure ~ of 
both water-quenched and _ furnace- 
cooled specimens, additional impact 
tests were made at —75 and —110°F 
testing temperatures. 

The complete notched-bar impact 
data for normal and 0.005 pct phos- 
phorus steels are given in Table 4 and 
plotted in Fig 2. Since lowering the 
phosphorus content has not improved 
the impact resistance of the specimens 
water quenched from the temper, the 
great improvement in the impact 
values for furnace-cooled specimens of 
the 0.005 pct phosphorus steel over 
those of the 0.02 pct phosphorus steel 
is attributed to a decrease in the sus- 
ceptibility to temper embrittlement. 
As mentioned previously, these steels 
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Table 4... . Notched-bar Impact Values for Normal and Low-phosphorus 


Steels 


we nn 
V-Notch Charpy Impact, Ft Lb 


Type Steel, Pct 


1.0 Mn, 0.75 Cr, 0.02 P 
1.0 Mn, 0.75 Cr, 0.005 P 


1.5 Mn, 0.02 P 
1.5 Mn, 0.005 P 


were made by similar melting proce-™ 
dures and the only known difference, 
other than phosphorus content, is that 
electrolytic iron was used for melting 
stock of the low-phosphorus steel and 
ingot iron for the normal phosphorus 
steel. 

These results indicate that phos- 
phorus must have a much more impor- 
tant part in temper embrittlement than 
has been generally supposed. Several 
explanations are possible, but in view 
of the lack of fundamental data on the 
solubility of phosphorus in iron-carbon 
alloys, its influence on the solubility of 
carbon, and its reactions with other 
alloy elements in steel, no theory is ad- 
vanced at this time. 


Summary 


Twenty experimental low-alloy steels 
were tested for temper embrittlement 
by comparing notched-bar impact val+ 
ues at +75 and —40°F testing tem- 
perature of specimens water quenched 
and furnace cooled from the tempering 
temperature. 

For these conditions of testing, no 
embrittlement was apparent for nickel 
additions up to 5 pct to the base analy- 
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Temper, °F 
+75°F — 40°F — 75°F —110°F 

1200 WQ(1) 103, 103 97, 96 75, 76 Zilia 
1200 FC(2) 62, 60 1,16 
1200 WQ 80, 82 79,77 73, 70 28, 30 
1200 FC 80, 80 53.76 53, 40 aks 
1200 WQ 92,92 85, 101 83, 85 31, 36 
1200 FC 82, 82 1 es) 
1200 WQ 90,91 94,95 75, 69 PEE YE 
1200 FC 99, 96 $2, 71 35, 235 8,9 

(1) Water quenched 

(2) Furnace cooled 

sis of 0.25 pet carbon, 0.20 pct man- Acknowledgments 


ganese, 0.20 pct silicon, 0.02 pct 
phosphorus, and 0.02 pct sulphur. 
Chromium of 1.5 pct or either 0.1 pct 
vanadium or 0.1 pct titanium with 2 
pet nickel gave slight embrittlement. 
Manganese of 1.5 pct or 1 pet man- 
ganese with 0.75 pct chromium pro- 
duced extreme embrittlement. Deoxi- 
dation practice or grain size did not 
appear to have any direct influence on 
embrittlement. A moderate amount of 
molybdenum decreased embrittlement 
of the manganese-chromium steel. In- 
creasing the phosphorus content of a 
3 pct nickel steel produced temper 
brittleness, and decreasing the phos- 
phorus content from 0.02 to 0.005 pct 
greatly decreased the embrittlement of 
the susceptible 1.5 pct manganese and 
1.0 pet manganese-0.75 pct chromium 
steels. 

Impact-resistance, transition-tem- 
perature curves for the latter steels 
indicate a real influence of small dif- 
ferences in phosphorus content on tem- 
per brittleness, but in the absence of 
fundamental data on the behavior of 
phosphorus in relation to carbon and 
alloy elements in steel, no theory of the 
mechanism of this influence is apparent. 


This work was carried out as a part 
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of Battelle Memorial Institute. Ap- 
preciation for encouragement of the 
work is expressed to Dr. B. D. Thomas, 
Dr; *: JH. Lorig, and Mr. Ge T: 
Greenidge. 
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Oriented Arrangements of Thin 
Aluminum Films on lonie Substrates 
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Introduction 


There can be two types of films on 
solids, those which are stable in mono- 
layers and those which tend to aggre- 
gate into three dimensional structures. 
A great number of metal films formed 
by condensation onto a solid base are 
unstable in the sense that they will 
aggregate into crystals providing the 
atoms possess sufficient surface mobil- 
ity. The crystalline structure of the 
film is strongly influenced by the base 
in many systems and, in some cases, a 
single orientation prevails when the 
force fields around the atoms in the sup- 
porting crystal are sufficiently strong.! 
Relatively little is available in the 
literature about the nature of these 
forces and the role they play in promot- 
ing a preferred orientation of the 
atoms arriving at the substrate surface. 
An understanding of their periodicity 
and magnitude relative to the surface 
forces characteristic of the film itself 
should provide insight into the criti- 
cal dependence of film orientation on 
the nature and temperature of the 
substrate. 

In addition, this effect may be very 
useful in preparing samples for surface 
studies. The study of the physical and 
chemical characteristics of pure metal 
surfaces has been severely handicapped 
by the presence of strongly adherent 
foreign films. Furthermore, the ran- 
domness of the surface orientation has 
obscured interpretation of experimental 
results. Evaporation of metals in high 
vacuum onto carefully selected sub- 
strates under ideal conditions for pre- 
ferred orientation appears suited to the 
preparation of flat, oxide-free, oriented 
films for surface reaction studies. Many 
factors influence their structure and 
some understanding of the mechanism 
of their formation is a necessary pre- 
requisite for obtaining satisfactory sur- 
faces for study. The dominant factors 
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FIG 1—Vacuum evaporator. 


LED 
<> 
D =30) 
es) 
<> 
. Substrate 
. Molecular Beam Source 
. Furnace 


18 in. Glass Bell Jar 

. Right Angle Neoprene Gasket 

. Polished Steel Plate 

. High Voltage Cathode—5000 V. 
. 4in. Packless Valve 

. 2 in. Packless valve 

. Manifold 


i 
SOBNANSRWNE 


in defining film structure are film thick- 
ness and growth rate and the nature, 
condition, and temperature of the 
substrate. 
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11. Purified Gases 

12. Holding Pumps 

13. High Capacity Diffusion Pump 
14. Shock Mount 

15. 200 lb Weights 

16. Thermocouple Pressure Gauge 
17. Ionization Gauge 

18. Temperature Controller 

19. Electronic Heater 

20. Electrical Ground 


Procedure 


GENERAL ASSEMBLY 


The system was enclosed in an 18 in. 
bell jar which rested on an L-shaped 
neoprene gasket on a ground steel plate 
as indicated in Fig 1. Rapid evacuation 
of the system to 10-§ mm mercury was 
facilitated by a 4 in. manifold, 2 in. 
packless valve, and an extra large dif- 
fusion pump. Suitable arrangement of 
valves on a secondary manifold readily 
permitted introduction of purified gases 
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into the chamber. Outgassing of the 
entire internal surface in a glow dis- 
charge was greatly expedited by a 5000 
V copper cathode mounted at the top 
of the bell jar. The entire frame was 
carefully shock-mounted to isolate the 
microbalance from building vibration. 
The lead-ins for control and power 
were situated in the steel base. Pres- 
sures from 10 to 10-§ mm mercury 
could be measured and temperatures of 
the substrate and crucible could be in- 
dependently controlled and measured. 
Atmosphere pressure seated the bell 
jar hard on the gasket when the latter 
was evacuated. When it was filled with 
dry nitrogen at one atmosphere it could 
be readily elevated out of reach. 


FORMATION OF THE FILM 


The film was produced by evaporat- 
ing high purity (99.99 pct) aluminum 
from a microcrucible in a good vacuum 
(10-® mm) and condensing it on an 
independently heated substrate. With 
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FIG 2—Electronic heater. 
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a suitable slit system a uniform, con- 
centrated, direct molecular beam re- 
sulted. The arrangement of the source, 
slits, and substrate is indicated by 
items 2 and 1 in Fig 1. 

The substrate (item 1) was mounted 
25 mm above the source in a copper 
frame which held it in place against an 
externally heated copper block. In this 
manner the lower face was exposed to 
the beam and maintained at the de- 
sired temperature by heating from the 
upper face. The temperature was regu- 
lated to one percent by a_ propor- 
tionating potentiometer controller. The 
substrate consisted of a square plate of 
an ionic salt approximately 5 mm on 
the side and 1 mm thick. A freshly 
cleaved face was exposed just prior to 
arun. A thermocouple probe in contact 
with the lower face of the substrate 
indicated the film temperatures. Two 
additional platinum probes 2.0 mm 
apart were in contact with the surface. 
The appearance of the first few layers 
of the film was indicated by the sudden 


decrease in resistance measured be- 
tween the probes. 

The source (item 2) of the beam was 
a small tantalum crucible located di- 
rectly below the substrate. The micro- 
crucible held a charge of 100 mgms. 
The inside diameter of the crucible was 
3 mm but the beam was actually 
emitted through a 0.1 mm orifice in a 
tantalum cap placed over the top of 
the microcrucible. The cap prevented 
splattering and also promoted thermal 
equilibrium of the atoms before they 
were emitted. The charge was out- 
gassed by prefusing in situ before 
evaporating during which time the sub- 
strate was protected by an externally 
manipulated shield. 

The heating of the crucible was very 
satisfactorily effected by an arrange- 
ment for direct electron heating indi- 
cated in Fig 2. The crucible is shown 
with the lid off as item 1. Electrons 
emitted from an incandescent 30 mil 
tungsten filament (item 2) around the 
crucible are accelerated by a positive 
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FIG 3—Quartz torsion microbalance. 
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FIG 4—X ray vacuum camera. 


1. End Plates 11. Rotor Vacuum Seal 

2. Film Case 12. Lead Glass Window 

3. Entrance Beam 13. Vacuum Outlet 

4. Beryllium Window 14, Plate Nuts 
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9. Rotor Assembly 19. Axle of Specimen Rotation 
10. Drive Wheel Shaft 


potential towards it. A tantalum shield 
(item 3) around the assembly reduced 
heat losses and another tantalum lid 
(item 4) shielded the substrate from 
direct exposure to the filament. The 
temperature of the microcrucible could 
be accurately adjusted and maintained 
at any temperature up to 1500°C 
within 2-3 pct by regulating the fila- 
ment emission and the accelerating po- 
tential. This high fidelity temperature 
control is necessary in the determina- 
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tion of the substrate temperature con- 
densation-pressure relationship for 
various substrates. The substrate was 
tied in at the same potential as the 
crucible to eliminate the possibility 
that metal ions formed in or around the 
crucible may be spuriously accelerated 
towards the substrate. 

The critical vapor pressure for con- 
densation on a given substrate at a 
given temperature could be deter- 
mined as follows: In this measurement 


the crucible temperature was slowly 
increased until the rate of evaporation 
of the aluminum was just enough to 
cause condensation on the substrate 
for a given base temperature. The rapid 
decrease in the film resistance between 
the probes was used to indicate the for- 
mation of the initial layer. The process 
was reversible, that is, a small increase 
in base temperature for a critical pres- 
sure caused the film to evaporate. The 
microcrucible could be readily removed 
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FIG 5—X ray pattern. 


from the crucible electrode (item 6) for 
replacement and the position could be 
lined up easily by adjusting the eccen- 
tric at the base. The crucible tempera- 
ture was measured by a chromel-alumel 
thermocouple mounted in the bottom. 


DETERMINATION OF FILM 
THICKNESS 


The condensation rate for a given 
crucible and substrate temperature was 
determined by weighing in situ a thin 
glass slide hanging on a quartz fibre 
over the molecular beam as indicated 
in Fig 3. A sensitive quartz torsion 
microbalance facilitated accurate and 
quick measurements in vacuum: The 
torsion fibre was rotated by magnetic 
coupling ‘through the glass wall. The 
sensitivity of the weighing was 10-* gm 
with a 23 mu. quartz torsion fibre (item 
5). The thickness corresponding to 
weight increments was calculated for 
a constant area assuming the film to be 
flat and continuous and the film den- 
sity to be comparable to the mass den- 
sity. A microgram corresponded to a 
hundred angstroms thick layer of 
aluminum for the film area used. The 
condensation rates for various sub- 
strate and crucible temperatures were 
calibrated in this manner. ; 


EXAMINATION OF THE FILM 
Metallography 


Upon completion of the run the sub- 
strate was cooled in situ and removed 
for examination. Reflectivity of the sur- 
face varied from very mirror-like to 
cloudy as the film thickness and sub- 
strate temperature increased. Metallo- 
graphic examination of the samples was 
considerably hampered by their fragil- 
ity. In the cases where it was possible to 
observe grains without destroying the 
film the average grain size was 2000 to 
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5000 A for a film of the same thickness. 


X ray Diffraction 


The structure was determined with 
X ray diffraction using a surface re- 
flection pin-hole technique in a vacuum 
camera as indicated in Fig 4. A Picker- 
Waite diffraction unit was used with a 
water-cooled chromium target. The 
exposure time varied from 2 to 15 hr 
for film thicknesses from 5000 to 500 A 
with an accelerating potential of 50 kv 
and a space current of 10 milliamp. 
The sample (item 6) was anchored flat 
on the turntable (item 7) and rotated 
around an axis (item 19) normal to the 
surface of the sample. The axis of rota- 
tion was inclined away from the inci- 
dent beam an amount corresponding to 
the Bragg angle for reflection from the 
plane of preferred orientation. The 
camera was particularly designed to 
suit the geometry and orientation 
unique to the samples studied. The 
simplicity of the film patterns indicated 
in Fig 5a and 5b clearly shows the 
advantage obtained. Preferred orienta- 
tion is characterized by segmentation 
of the lines into local marks as shown 
by the heavy marks of 5° length on the 
dashed reflection lines in Fig 5b. The 
vertical distance from the center line 
measures the orientation azimuths 
characteristic of a preferred orientation. 
The value of the orientation azimuth 
(¢) can be calculated for any preferred 
orientation, !¢ 
COS p 

= cos B sin @ + sin cos @cos@ [I] 

p = angle between oriented plane 

and reflecting plane. 

8 = angle between normal to ori- 

ented plane and incident beam. 

0 = Bragg angle for reflection from 

reflecting plane. 

¢@ = orientation azimuth for oriented 

plane. 


The values of @ calculated for re- 
flection of K, and Kg chromium radia- 
tion from the (111), (200), (220) and 
(311) planes of aluminum for (111), 
(100) or (110) orientation are listed in 
Table 1. The kind of orientation can be 
readily determined from the pattern 
defined by the characteristic values of 
g@. A semi-quantitative value for the 
degree of orientation with a maximum 
error of 10 pct in this determination can 
be obtained by measuring the opaque- 
ness of the spot relative to the inte- 
grated opaqueness of the whole line 
with a Leeds and Northrup recording 
microphotometer. The error is intro- 
duced by the assumption that the 
intensity at any one spot on the film 
is linearly proportional to the amount 
of radiation reflected to that point and 
the dependence is the same for all 
azimuth angles. 


Table 1. . . Bragg Angles and Ori- 
entation Azimuths Chromium 
Radiation on Aluminum 


Orientation Azimuths 
Radi- | Re 
ation flect- | Bragg 
Cex ing Angles 
~ | Plane (111) (110) | (100) 
a (111) 29.5 | 0, 83 41,109 | 64 
B (111) 26.8 | 0, 80 39,105 | 62 
a (200) 34.7 | 68 55, 119 | 0, 119 
B (200) 31.0 | 65 53,111] 0,111 
a (220) 54.4 | 63 0, 118 
B (220) 47.0 | 52 0, 94 68 
a (311) 70.0 | 95, — 104 89 
B (311) 59.2 | 58, 142] 63 50 


Orientation Results 


GENERAL 


A quantitative dependence of degree 
of preferred orientation on film thick- 
ness and substrate temperatures was 
found over a considerable range of 
thickness and temperature for eleven 
aluminum-substrate pairs. It was neces- 
sary, however, to make a preliminary 
evaluation of four other factors suffi- 
ciently well so as to minimize their 
influence. The pertinent results of the 
preliminary survey are herewith pre- 
sented in condensed form as a back- 
ground against which the significance 
of the quantitative aspects can be con- 
sidered more intelligently. 


Film Growth Rate 


Foremost is the important influence 
of film growth rate on structure. Since 
the experimental system was not propi- 
tiously suited for studying this aspect 
it was maintained at a constant value 
in all experiments. The evaporation 
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FIG 6—Orientation and base temperature (1). 


rate was adjusted for each substrate 
temperature corresponding to an effec- 
tive film growth rate of ten to thirty 
monolayers of aluminum per second. In 
the case of the binding energy determi- 
nations, however, the film growth rate 
was not controlled since it was desired 
only to determine the condition for 
minimum condensation. 


Heat Treatment 


Heat treating of the substrates with 
or without adherent metal film caused 
no striking change in the resulting ori- 
entation. The films were therefore usu- 
ally kept at constant temperature 
during formation and then permitted to 
cool by radiation in a vacuum. Anneal- 
ing a randomly oriented film at ele- 
vated temperatures (up to 600°C) in 
helium resulted only in grain growth. 
Likewise oriented structures were not 
markedly altered by annealing under 
similar conditions. This temperature 
stability of the structures is in contrast 
to the temperature sensitive orienta- 
tions of thinner aluminum films (ca. 400 
A) previously reported.” 


Atmosphere Effects 


The influence of gases present even 
at 10-® mm pressure was also con- 
sidered. The pressure of purified 
quantities of helium, oxygen, nitrogen 
and hydrogen at low pressures (10-4 
mm) decreased the orientation to a 
relatively small extent. The effect was 
not unique to any one gas or substrate 
and appeared solely to hamper the 
steady evolution of aluminum vapor. 
In no case was a gas such as helium 
observed to improve the film orienta- 
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FIG 7—Orientation and film thickness. 
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FIG 8—Orientation and base temperature (2). 


tion as reported by others for thinner 
films.* 


Substrate Condition 


The contamination of the substrate 
surface itself by the gases previously 
listed was not considered to be critical. 
Oriented films could be formed on 
freshly cleaved rock salt which had 
been preheated in oxygen and hydrogen 
atmospheres. In all cases, however, the 
cleanliness of the substrate was a criti- 
cal requirement and best results were 


always obtained with freshly cleaved 
ionic surfaces whose lattices had an 
arrangement of ions, the geometry and 
dimensions of which showed a certain 
correlation to that of aluminum. The 
limited number of such salts empha- 
sized the preparation of oriented sub- 
strates by other means. Even after 
repeated polishing, etching, and anneal- 
ing, use of NaCl and Lif surfaces ob- 
tained in this manner was only 
moderately successful. Successful tech- 
niques for exposing any desired sub- 
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strate orientation in a suitably clean 
and flat condition would be most use- 
ful for future studies. 


SPECIFIC FACTORS 
Film Thickness 


Initial studies made it evident that 
degree of orientation was very thick- 
ness dependent for all film-substrate 
pairs. This characteristic will be de- 
scribed first since it depended only on 
temperature and film thickness and 
was general to all substrates. The per- 
cent orientation for films on the (100) 
face of rock salt for various thicknesses 
and base temperatures are plotted in 
Fig 6 as an illustration. An exponential 
dependence of orientation on film 
thickness was observed, and the data 
plotted in Fig 7 indicate a typical case. 
It is interesting to note that a critical 
film thickness for perfect orientation at 
each temperature is suggested by ex- 
trapolation of the straight line to small 
film thicknesses. A striking tempera- 
ture dependence is also indicated by the 
distinctly small slope of curve 2 com- 
pared to curve 3 in Fig 7. The validity 
of a strong base temperature-depend- 
ence for maximum orientation is also 
indicated in Fig 8 for a variety of film- 
substrate pairs. Discussion of the 
temperature dependence is, however, 
temporarily postponed until right after 
the discussion of the thickness effect. 

The thickness dependence may mean 
that the oriented arrangement is con- 
stant at all points in the film and merely 
decreases as the film thickens. It seems 
more reasonable to assume that the 
orientation is strongly dependent on 
the substrate and produces an orienta- 
tion large at the inner film surface and 
decreasing towards the outer film sur- 
face. The latter possibility is in 
agreement with the surface reflection 
characteristics of X rays. In this case a 
disproportionately large fraction of the 
radiation producing the pin-hole pat- 
tern is reflected from the outer planes 
of the film. A quantitative illustration 
of this can be presented by calculating 
the intensity of radiation reflected from 
successive layers of metal atoms as 
follows.4 The intensity (J,) reflected 
from a thickness (¢) relative to the in- 
tensity (Ia) reflected from an infinitely 
thick film can be expressed: 


t 
viv, haa 
Iq CJ 
if I, dt 


= ble (5)? i) [3] 
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where, 


Neglecting the scattering of the ray 
after it has emerged from the sample, 
TI, is the final intensity, J; the intensity, 
upon reflection from a diffraction vol- 
ume element at a depth, (/), below the 
surface, and [o is the incident intensity 
before entering the sample. The term 


(3) is a linear expression of the total 


distance traveled in the sample when 
the ray penetrates a depth, (t), and 
undergoes a Bragg angle reflection. The 
other symbols are, 
k = efficiency constant < unity 
I) = initial intensity of incident 
beam 
(4) = mass absorption coefficient 
p = film density 
d = interplanar distance of ori- 
ented planes 
= film thickness penetrated 
\ = wavelength of X ray radia- 
tion. 


Values of re for a limiting thickness 


of 5 X 105 A have been calculated from 
Eq 2 for successive depths of penetra- 
tion into the sample. The amount of 
radiation from each layer characterizes 
the degree of orientation in that layer 
and the over-all variation of apparent 
orientation with film thickness indi- 
cates the decrease of average orienta- 
tion with increasing film thickness. The 
calculations were made for the K, radia- 
tion from a chromium target diffracted 
by the (100) oriented planes of alumi- 
num. The results in Table 4 are pre- 
sented: Column 1, depth of penetration 
(A); Column 2, thickness penetrated 
relative to limiting thickness, and Col- 
umn 3, the corresponding percent in- 
tensity for that thickness penetrated 
over the total radiation recorded on the 
film. 

Although the pin-hole pattern is an 
integrated effect of orientation through 
the entire layer, it is obvious that the 
pattern is a weighted average heavily 
in favor of the extreme surface. For 
example, with a chromium target twice 
as much radiation is reflected from the 
outer half thickness than from the inner 
half thickness of an aluminum film 5000 
A thick. Hence, in the film thickness 
study the orientation of the outer sur- 
face was essentially observed. The 
orientation is greatest in the region 
nearest to the substrate-film interface. 


Substrate Temperature 


A base temperature dependence in 
which orientation of the film increased 
rapidly at some characteristic tem- 


perature for each substrate illustrated 
in Fig 8 was typical of all substrates. 
The less the maximum orientation, 
however, the smaller the dependence 
on the characteristic temperature. This 
is illustrated by the contrast in the 
curves for (100) orientation on rock 
salt and glass. The temperature de- 
pendence may mean that the metal 
atoms must possess a minimum kinetic 
energy corresponding to the observed 
temperature for maximum orientation 
for them to take up the preferred posi- 
tions suggested by the substrate. The 
transition of a (110) orientation of the 
film on mica at low temperatures to a 
(111) orientation at higher tempera- 
tures indicates that a higher minimum 
mobility is required for formation of 
the second configuration. In all cases 
the rate at which orientation increased 
with base temperature as well as the 
maximum value it approached was 
typical of the substrate. It indicates 
that production of ordered arrange- 
ments is governed not only by the inter- 
action of the substrate and metal but 
by a relatively slow temperature de- 
pendent surface diffusion process as 
well. Calculation of activation energies 
for orientation seems premature until 
the mechanism of arrangement is better 
defined. The characteristic values of 
base temperature and maximum ob- 
served orientation are plotted in Fig 
8 for rock salt, mica, and glass, and 
listed for eleven substrates in columns 
2 and 4 of Table 2. 

Experimental data for mica in the 
temperature region intermediate be- 
tween the (110) and (111) orientations 
were inconclusive. It is noteworthy 
that the most oriented configurations 
corresponded to the higher tempera- 
tures. This characteristic is a general 
one for all the substrates studied. It is 
illustrated by the dashed curve in Fig 
8 in which the orientation temperature 
as abcissa is plotted against the sub- 
strate binding energy as ordinate on the 
right. The substrate binding energy, 
heretofore undefined, is described in a 
subsequent section and shown to be 
proportional to the percent of the ob- 
served film orientation. 


Nature of Substrate 


From the facts presented so far it 
seems clear that the nature and degree 
of the observed orientation was criti- 
cally dependent on the substrate. This 
dependence held in general for all the 
substrates studied. In every case there 
was a correlation of some kind between 
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FIG 9a—Alluminum-glass random orientation (10,000 A). 
FIG 9b—Aluminum—(100) sodium chloride 80 pct (100) orientation (1200 A). 
FIG 9c—Aluminum—(111) mica 87 pct (111) orientation (1300 A). 
FIG 9d—A\ luminum-glass 10 pct (100) orientation (1000 A). 


the geometry and dimensions of the 
underlying lattice and that plane of 
aluminum preferentially oriented par- 
allel to it. For example, the (100) face 
of aluminum was the only orientation 
observed on the (100) face of the 
alkali halide substrates. Similarly the 
(111) planes of aluminum tended to be 
preferentially oriented parallel to sub- 
strates with hexagonal cleavage or 
hexagonal-polished faces, providing the 
base temperature and film thickness 
were favorable. In other cases (110) 
orientation was observed to occur on 
(110) oriented substrates. This is not a 
general effect, however, since cases 
occur where substrates stabilize pre- 
ferred film orientations other than their 
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own, but in most cases that orientation 
of aluminum occurred for which the 
geometry and spacing of the metal 
atoms yielded the best fit on the sub- 
strate. The data are summarized in 


columns 1, 2, 3, 4 of Table 2 in order of 
decreasing orientation. The direction of 
orientation in the film listed in the third 
column is the same as that of the sub- 
strate for the first seven items. A small 


Table 2... . Structure Characteristics of Thin Aluminum Films 


Sub- | AemP- | Direct. | Pet Pressure A A yon E. 

strate bya 5 Orient. Orient x 104 cm Hg | ke per m| ke per m| ke per m | ke per m 
mica 600 (111) 87 0.007 42 20 22 22 
mica 450 {110} 75 1.52 28 10 18 20 
NaCl 350 [100] 80 0.003 OL 15 16 18 
NaCl 350 Hie 50 0.024 21 10 ll 12 
LiF 400 111] 55 0.022 33 20 13 10 
LiF 300 [100] 50 0.012 25 15 10 10 
CaCO; 300 Heo! 15 0.012 25 20 5 5 
Glass 400 100} 10 6000 15 15 0 
CaF2 300 (111) 10 760 20 20 0 2 
ZnS 300 {111) 10 700 21 20 1 4 
Sodalite 300 {111) 10 700 21 20 1 2 
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LATTICE PARAMETERS (A) 


Al. NaCl LiF 
(100) a. 2.85 2.83 2.84 
(lil) b. 2.85 3.98 2.84 
(110) ¢. 4.04 3.98 4.01 


FIG 11—Allkali halide unit cell. 


orientation was observed on_ glass 
which, of course, possesses no definable 
surface arrangement. The small degree 
of orientation on fluorite was barely 
measurable. The (111) orientation on 
zinc blende and sodalite was also very 
small. The last. two substrates possess 
cubic lattices with good (110) cleavage 
faces and are examples of film orienta- 
tion differing from that of the substrate. 

Some typical surface reflection X ray 
film patterns are illustrated in Fig 4. 
The interpretation is handicapped by 
the poor contrast of the aluminum lines, 
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the strong and complex pattern caused 
by reflection from the substrate, 
and the poor reproduction, but the 
over-all pattern analysis is quantita- 
tively unique for each orientation. 
Continuous reflection from all the low 
indices reflection planes indicate com- 
plete randomness in Fig 9a. The 
sharply defined orientation of a (100) 
aluminum film on rock salt is illustrated 
in Fig 9b. Fig 9c is greatly compli- 
cated by the mica pattern but arrows 
indicate the discrete aluminum reflec- 
tions corresponding to (111) orienta- 


tion. A poorly oriented film on glass 
tending towards (100) orientation is 
included for comparison (Fig 9d). 


Discussion of Results 


GEOMETRIC CONSIDERATIONS 


The good correlation between sub- 
strate and film orientation is in accord 
with the excellent matching between 
the oriented aluminum plane and the 
geometry and dimensions of the surface 
lattice upon which it forms. Similar re- 
sults have been reported for thinner 
films.5 The striking geometric kinship 
between the three low indices planar 
arrangements: (100), (110), (111), of 
aluminum in Fig 10 and the geometry 
of the corresponding planes in sodium 
chloride and lithium fluoride in Fig 11 
suggests that such correspondence be- 
tween film and substrate promotes a 
related orientation in the former. This 
hypothesis is suggested by the table of 
lattice distances summarized in Fig 11. 
They agree within a few percent in each 
case except for the (111) sodium chlo- 
ride face, for which the lattice spacing 
is 40 pct greater than the corresponding 
spacing in the (111) aluminum plane. 
It is doubtful whether this correlation 
is generally essential for substrate- 
metal interaction but it is significant 
that no (111) orientation of aluminum 
was ever observed on a (111) sodium 
chloride surface. Corresponding orien- 
tations were observed in every other 
case. 

Substrates with hexagonal cleavage 
faces of atomic dimensions correspond- 
ing to the (111) face of aluminum 
yielded (111) oriented aluminum films. 
The fairly complicated surface struc- 
ture of mica accommodated (110) ar- 
rangement of aluminum as well. The 
arrangement of the atoms in the hexag- 
onal cleavage faces of mica, calcite and 
fluorite are drawn to scale in Fig 12. 
The matching of lattice distances was 
poorer than for the cubic face cleavage 
substrates and the observed degree of 
orientation was also correspondingly 
poorer with the exception of mica. The 
(110) cleavage faces of cubic zinc blende 
and sodalite are not indicated but the 
matching was relatively poor for both 
substrates and they were unsatisfactory 
as (110) directing surfaces. 

In all cases studied the nature and 
degree of the observed film orientation 
bore a close relationship to the geom- 
etry and dimensions of the underlying 
substrate. It appears that directing 
forces are geometrically distributed on 
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the substrate surfaces in close corre- 
spondence to the atomic distribution 
in the substrate plane. An interpreta- 
tion based on this approach will be dis- 
cussed in the next section. 


CHARACTERIZATION OF 
SUBSTRATE 


In an effort to characterize the sub- 
strates an effect, discovered by Wood® 
and studied by Estermann,’ was used 
in a modified form. When a beam of 
metal vapor is directed at a heated 
substrate, condensation will occur if 
the pressure is sufficiently high or the 
substrate temperature sufficiently low. 
Whether most of the atoms bounce off 
the surface losing none or relatively 
little of their kinetic energy or whether 
they are accommodated on the surface 
depends on the relative values of the 
aforementioned variables plus a third, 
the attraction of the substrate for the 
metal atoms. Since the relationship 
between these factors can be quantita- 
tively expressed, the attraction of the 
substrate may be determined providing 
the corresponding pressures and base 
temperatures can be measured. This 
pressure-temperature dependence was 
determined as follows for all the sub- 
strate-metal pairs at those substrate 
temperatures at which maximum orien- 
tation was known to occur in each case. 
The substrate temperature was meas- 
ured with a thermocouple probe on the 
surface. The metal pressure was not 
measured directly but calculated from 
the crucible temperature using the free 
energy of vaporization values for alumi- 
num.? The minimum vapor pressure 
was accurately determined for each 
base temperature at which condensa- 
tion of the first layers took place. The 
formation of the first layer was indi- 
cated by measuring the sudden drop in 
film resistance between two probes on 
the surface. The corresponding values 
of pressure and base temperature for a 
group of typical runs are plotted in Fig 
13. The pressure-temperature relation- 
ship can be expressed, 

p= @,e74/kT [4] 
where, 

p = pressure of metal vapor 

a, = constant, insensitive to tem- 

perature 

T = absolute temperature of the 

substrate 

A = an energy term, characteristic 

of the film and the substrate. 

The values of a; could be evaluated 
from the intercept on the pressure axis 
of the curves plotted in Fig 13. It is 
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FIG 12—Hexagonal substrates. 
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42 kc/m 
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31 ke/m 
28 kc/m 
21 kc/m 


15 ke/m 
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3 0.8 AS 
1/TX10 DEGREES (ABSOLUTE) 


FIG 13—Condensation temperature and pressure. 


insensitive to the nature of the sub- 
strate and to the base temperature for 


the conditions observed. Hence, it was 


of little use for characterizing the sub- 
strates on a relative basis. It, however, 


includes at least three significant terms © 


describing: (1) geometry of the system ; 


(2) size of the condensing particles; (3). 


a linear temperature correction. Hence, 


an interpretation of the mechanism of 
condensation would eventually require 
an analysis of a; into its component 
terms. 

The values of A could be readily 


‘interpolated from the slopes of the 


straight: lines plotted, in Fig: 13. Some 
typical values are listed there in order 
of decreasing magnitude. Correspond- 
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ing values of temperature, pressure, 
and A are more completely listed in 
columns 2, 5 and 6 of Table 2. 

A definite trend of A in Table 2 from 
42 ke per m to 20 kc per m is evident. 
This trend corresponds to decreasing 
observed orientation. It is significant 
that the values of A are smallest for the 
ionic substrates at the end of the table 
for which the orientation was poorer. 
The smaller surface free energy of the 
(111) arrangement corresponds to the 
observation that the A values for (111) 
substrate-film orientations are some- 
what greater than those for (110) and 
(100) orientations for each substrate- 
metal pair. 

An interpretation of A as describing 
the heat of condensation of the first 
layer of metal atoms on the substrate is 
indicated by the temperature depend- 
ence relationship established by the 
straight lines in Fig 13, and by the em- 
pirical findings of Wood and Estermann. 
A theoretical analysis of their work by 
Semenoff? applied to these results indi- 
cates that 

A=E+A [5] 
where, 

E = the adhesive energy of binding 

of the metal and substrate 

A = the energy of binding of the 

aluminum atoms in the first 
layer, that is, the surface energy 
characteristic of the metal film 
itself. 

If the first term is large the substrate 
is likely to influence strongly the forma- 
tion and arrangement of the atoms in 
the first layer providing the atoms pos- 
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FIG 14—Orientation and substrate. 


sess sufficient mobility to assume those 
positions on the surface of lowest po- 
tential energy. If it is small, relative to 
the second term, that is the adhesive 
forces between metal and substrate are 
negligible compared to the cohesive 
binding between metal atoms, the film 
formation will be relatively independ- 
ent of the substrate and, should any 
orientation occur, it will be that ar- 
rangement for which the surface free 
energy is smallest. Formation of an 
oriented first layer under the first con- 
dition would facilitate the occurrence 
of the same orientation for subsequent 
layers. The degree of observed orienta- 
tion should increase with the value of 
E providing other factors are also fa- 
vorable, that is, mobile atoms and rela- 
tively thin films. Formation of an 
oriented layer under the second condi- 
tion may also occur but the degree of 
orientation will likely be considerably 
less. It is noteworthy that the values 
of A varied from 42 kc per m for alumi- 
num on mica to 15 ke per m for alumi- 
num on glass (column 6, Table 2). In 
the latter case one might consider the 
interaction between the glass and the 
metal to exert a relatively small influ- 
ence on the film structure and the 
measured heat of condensation to cor- 
respond mainly to the cohesive forces 
in the (100) plane of aluminum. Since 
there are about one-third the number 
of bonds in this configuration com- 
pared to that of massive aluminum, the 
surface energy can be roughly approxi- 
mated to be one-third of the molar heat 
of vaporization or 22 ke per m. For this 


30 


crude approximation the order of mag- 
nitude agrees with the experimentally 
determined value measured on an 
amorphous substance like glass. Neg- 
lecting the entropy correction, the 
substrate binding energy for the other 
substrate-metal pairs may be similarly 
approximated by subtracting an energy, 
A, corresponding to the cohesive bind- 
ing energy of the film, from A, the total 
energy of condensation. In view of the 
assumptions involved the values ob- 
tained are speculative but the resulting 
values (£) listed in column 8 of Table 
2 are of the right order of magnitude. 
These approximations compare fa- 
vorably with values calculated on the 
same basis as Van der Waals interac- 
tion. The trend of the experimental 
values of E is in qualitative accord 
with the trend of observed orientations 
for each metal-substrate pair. This is 
indicated by the data on the maximum 
orientation and the substrate binding 
energies listed in columns 4 and 8 in 
Table 2. The correlation is also evident 
in Fig 14 in which the maximum ob- 
served orientation is plotted as ordinate 
against the substrate binding energy 
as abcissa. The calculated values, 
included for comparison, are now 
discussed. 


VAN DER WAALS INTERACTION 


Understanding of the binding be- 
tween a metal and an ionic surface 
would provide considerable insight as 
to the nature of the metal-substrate 
interaction. A rigorous attempt to de- 
fine the binding is well beyond the scope 
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of this paper, but some speculation in 
this direction seems justified. The 
characteristics of the binding, namely 
its relative magnitude and non-specif- 
icness, suggest the validity of an ap- 
proach based on Van der Waals 
interaction between the first layer of 
metal and the substrate. An analysis 
similar to a certain extent to the calcu- 
lation of heats of adsorption of gases 
physically adsorbed on ionic surfaces 
near the boiling point of the gas seems 
justified. It is obvious that the chief 
distinguishing characteristic between 
metal and physically adsorbed gas 
films, other than the different tempera- 
ture range in which they form is the 
marked importance of the cohesive 
forces in the former case. It is con- 
ceivable nevertheless that a strong 
periodicity in the potential energy sur- 
face of the substrate towards the metal 
atom may be sufficient to start the con- 
densation in a favored direction. The 
energy of Van der Waals binding of 
aluminum on each of the substrates 
was calculated on this basis. 

The Van der Waals interaction be- 
tween non-polar molecules has three 
important constituent parts: (1) the 
attraction between fluctuating dipole 
and induced dipole (dispersion effect), 
varying inversely as the sixth power of 
the distance; (2) the attraction be- 
tween fluctuating quadruple and in- 
duced dipole varying inversely as the 
eighth power of the distance; and (3) 
the repulsion energy decreasing ex- 
ponentially with the distance. A fourth 
constituent part is unique to ionic sur- 
faces: the so-called influence effect. The 
latter is due to the fact that the 
charged ions of the substrate induce a 
dipole moment in the metal atom, 
which results in an attraction between 
the ions and the induced dipole. At the 
equilibrium distances characteristic of 
the metal films, the first of the four 
terms is by far the most important. The 
calculations were made on an approach 
similar to Orr!° in which he calculated 
heats of physical adsorption of argon 
on potassium chloride. 

- The dispersion effect was introduced 
by London?! in the calculation of heats 
of adsorption. The dispersion potential 
¢, between an atom of metal and an 
ion of the substrate can be written 


C 
g=-— 


re 
where r is the equilibrium distance and 
C, the dispersion constant, is given by 


3 JJ’ 
Te ae U7] 


[6] 
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FIG 15—Potential energy surface aluminum on (100) sodium 
chloride. 


where 
a = polarizability of the metal 


a’ = polarizability of the ion 

J = characteristic energy of the 
metal 

J’ = characteristic energy of the ion 


The interaction between an atom and 
the entire surface of the substrate can 
be very simply calculated if one as- 
sumes that the distance between atom 
and ion is not smaller than the dis- 
tance between ions. In this case the 
summation over the ions of the sub- 
strate can be replaced by an integra- 
tion. In the case of alkali halide 
substrates this approximation will 
yield values that are too low by 25 to 
30 pet. For the mutual dispersion en- 
ergy of an infinitely large surface and 
an isolated atom, 
NxrC 


C 
(0) — f SNa = - 3 [8] 


where NV = number of ions per cc, and 


dv is the volume element. Substituting 
Eq 6 for the dispersion constant 


[9] 


An exact evaluation from Eq 8 is not 
possible because some of the experi- 
mental data are missing, particularly 
the value of J for aluminum. Neverthe- 
less, to show the order of magnitude 
calculations were made using the first 
ionization potential. The value of N 
for the substrates other than the alkali 
halides was calculated from the density. 
The distance, r, between an ion and an 
aluminum atom was assumed to be 
made up of two parts after London.}? 

di , dz 
Bi oases) 

For d;/2, half the distance between 
ions in the substrate was used and for 
d,/2, half the interplanar distance for 
that plane of aluminum observed to be 
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Table 3. . . Dispersion Effect. Aluminum on lonic Substrates 


. Character- * . one 
4 Tonic eas Dispersion Binding 
Position eta istic E 
Substrate Plane Center of — P ae Eeerey: Cie E x 10-3 
Face a X 1024 cm? Bdge aaa ergs cmé cal per mol 
Sodi Chloride 100 two ions Book 16.4 251 18 
(NaCl). me 1) two ions 3.a0 16.4 251 12 
(111) two ions Sae4tt 16.4 251 6 
Lithium Fluoride (100) two ions 0.93 24.3 80.8 10 
(LiF) 110) two ions 0.93 24.3 80.8 10 
(111) two ions 0.93 24.3 80.8 10 
Mica 110) oxygen ion 2 abe ot a0 i 
KAI38i3010(0H) 2) (111) oxygen ion ; - ‘ 
‘ SON, 111) silicon ion 0.17 2.0 3.6 2 
Calcite (1011) | oxygen ion 3.88 20.5 321 5 
CaCO 
Diaorne (111) fluorine ion 1.04 19.4 84.4 2 
CaF 
dine Blende (110) sulphur ion 10.2 17.5 544 4 
ZaS 
Soda lite (110) oxygen ion 3.88 20.5 321 2 


(NasAlsSisO12Cl) 


I 
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preferentially oriented. The identity 
and geometry of the important ions in 
the substrate were not always definitely 
established and a choice had to be 
made in some cases. The ion was 
chosen whose arrangement on the sur- 
face best fitted the observed aluminum 
orientation. For example, the oxygen 
ions were chosen, instead of the silicon 
ions, in mica. The calculated binding 
energy for both is listed in Table 3 for 
comparison. The atomic polarizabilities 
were taken from Van Vleck?* if possible, 
or calculated, 
e? 

o  4?mw? 
where w is the characteristic frequency 
of the atom and the other symbols have 
the customary significance. The polar- 
izability and characteristic energies for 
the ions of the alkali halides were taken 
from Mayer’s" analytical treatment of 
the lattice energy characteristics of 
alkali halides. The validity of the physi- 
cal constants in this case warranted 
more extended consideration. A po- 
tential energy surface for the system 
(100) aluminum-sodium chloride was 
constructed after Orr.!5 It is schemati- 
cally represented in Fig 15. The poten- 
tial hole in the center represents a 
position of the aluminum in which the 
potential energy is 7 kc per m lower 
than a position over the cation. The 
position over the anion corresponds to 
the highest potential energy on the 
surface. For this system it is evident 
that the central site is relatively large 
but is deeper by 7 ke per m than the 
next most favorable site and corre- 
sponds to a binding energy of approxi- 
mately 18 ke per m. It is noteworthy 
that the atoms of the (100) aluminum 
plane could be laid over the grid 
formed by the potential energy holes 
with negligible distortion. The calcu- 
lations are summarized in Table 3, in 
which the atom positions, the ionic 
polarizabilities, the characteristic ener- 
gies, the dispersion constants and the 
calculated substrate binding energies 
are tabulated for thirteen substrate- 
metal pairs in columns | to 7. 

Considering the approximations in- 
volved in the theory and the uncertain- 
ties in the assumed values of J and r 


[11] 
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Table 4. . . Disproportionate Vari- 
ation of Intensity of Diffracted 
X ray Radiation with Depth 
of Penetration 


t (A) Pet Fi Pet I 
dow 102 1 9 
5 X 103 6 24 
5 X 104 25 53 
1 X 105 50 76 
5 X 105 100 100 


one cannot expect, in general, more 
than an agreement in the order of mag- 
nitude between calculated and experi- 
mental values. The calculated values 
(E.) in column 9, Table 2, should be 
evaluated on that basis. It is considered 
fortuitous that the calculated values 
other than for the alkali halides agree 
as well as they do with the experi- 
mental values (column 8). It is sig- 
nificant, however, that the highest 
values correspond to the substrates 
upon which the best oriented aluminum 
films were formed and that the trend 
definitely agrees with that characteris- 
tic of the percent orientation for all 
eleven substrates and with the indi- 
rectly determined substrate binding 
energies. 

It is evident that the periodicity of 
the potential energy surface of the sub- 
strate-atom pair is a very important 
factor in defining the arrangement of 
the metal atoms. 


Conclusion 


The structure of thin aluminum films 
condensed in vacuum on clean ionic 
substrates is strongly influenced by the 
nature, geometry and temperature of 
the ions in the base. The degree of ori- 
entation of the film with respect to the 
base can be semiquantitatively corre- 
lated with a binding energy characteris- 
tic of the substrate. The values of the 
substrate binding energy are of the 
same order of magnitude as Van der 
Waals binding between a single atom 
and an infinite ionic surface. The char- 
acteristics of the film structures show 
this method to be effective for the 
preparation of oxide-free oriented alu- 


minum surfaces for studying surface 
reactions. 
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P-type and N-type Silicon and the 
Formation of the Photovoltaic 
Barrier in Silicon Ingots | 
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The microwave region of the radio 
spectrum was effectively utilized in 
radar designs during the recent war 
and it has become of increasing interest 
in the field of communications. Work 
in this field has led to an important 
use for silicon—that of the point con- 
tact rectifierst! in the frequency con- 
verter of microwave (radar or radio) 
recelvers—and has stimulated con- 
siderable interest in the electrical 
properties and preparation of silicon 
and its alloys. 

Silicon is an electronic semiconduc- 
tor. Its conductivity at room tem- 
perature results principally from the 
presence of certain impurities. While 
for metals an increase in impurity con- 
tent increases the resistivity, for semi- 
conductors such as silicon the opposite 
occurs and, in general, the addition of 
impurities lowers the resistivity. Silicon 
materials may be classified into one of 
two groups depending upon the manner 
in which the impurities contribute to 
electrical properties. These have been 
termed for convenience p-type or 
n-type. P-type silicon develops a very 
large positive thermal emf against 
metals, has a Hall coefficient of posi- 
tive sign and a low resistance direction 
in point contact rectification with the 
silicon positive with respect to the 
point. N-type silicon, on the other 
hand, develops a negative thermal emf 
against metals, has a Hall coefficient 
of negative sign and a low resistance 
direction in rectification with the sili- 
con negative with respect to the point. 
Impurities which produce n-type sili- 
con are called donors inasmuch as 
these elements contribute to electrical 
conductivity by donating electrons to 
an unfilled energy band in the silicon. 
On the other hand, elements which 
produce p-type silicon aré known as 
acceptors as these impurities. con- 
tribute to the electrical conductivity 
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by accepting electrons from a filled 
energy band permitting what is known 
as conductivity by “holes” in which 
the sign of the carriers appears to be 
positive. A general treatment of the 
mechanism of conduction in semicon- 
ductors from the viewpoint of modern 


band theory has been given recently:.: 


by Pearson,? by Becker, Green and 
Pearson,’ and by Torrey and Whitmer.* 

In this investigation boron and alu- 
minum have been found to be ac- 
ceptors, and phosphorus, arsenic, and 
antimony to be donors in silicon. Data 
on the effect of boron and phosphorus 
on the electrical properties, when pres- 
ent singly and in combination, have 
been acquired. These data are discussed 
in the present paper. 


Raw Materials Used and 
Methods for Adding Second 
Constituents 


Silicon from two sources was used in 
this work and these will be referred to 
as A and B respectively. Silicon A is a 
material of high purity supplied by the 
Electro Metallurgical Co. It is prepared 
by chemical purification of ‘‘commer- 
cial” silicon obtained from the are 
furnace reduction of SiO». It contains 
99.8 pct silicon, minimum, with small 
amounts of calcium, iron, aluminum, 


Cleveland Meeting, October, 1949. 
TP 2586 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before November 15, 1949. 
Manuscript received January 24, 
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* Metallurgists, Bell Telephone 
Laboratories, Inc., Murray Hill, N. J. 

} These are; essentially, the modern 
version of the ‘‘crystal detector” in 
which rectification is obtained by 
applying a point contact to the surface 
of a semiconductor. 
1 References are at the end of the 


paper. 


boron, and phosphorus as the principal 
impurities. This material was exten- 
sively employed in these studies as 
well as in the commercial preparation 
of rectifier materials: Silicon B is a 
material of high purity from the du- 
Pont Co. It is prepared by a pyrolytic 
reduction of SiC], and-is free of ana- 
lytically detectable amounts of boron 
and phosphorus. Its use permitted 
study of the effect of boron and phos- 
phorus individually on the properties. 
This material contains, however, spec- 
troscopic traces of a number of metals, 
some of which affect electrical and 
rectification properties. 

Typical analyses for the two grades 
of silicon are given in Table 1. 


Table 1... Analyses of Silicon 
Used in Point Contact Rectifier 


Investigations 
Silicon At Silicon B 

Si 99.84 
Ca 0.003 0.005* 
Na 0.005* 
Cu 0.001* 
Mg 0.007 0.001* 
Mn 0.002 0.001* 
Al 0.020 Not detected 
Fe 0.031 0.03* ; 
C 0.019 
O 0.061 
H 0.001 
N 0.008 3 Oy 
P 0.011 Not detected 
B 0.005 Not detected 


* These are estimated upper limits as deter- 
mined by spectrographic methods. 

+ Analysis furnished through the courtesy of 
Mr. E. F Doom, Union Carbide and: Carbon 
Research Laboratories, Inc. 


To make controlled additions of 
boron to the charge it was necessary 
to employ a low boron content master 
alloy since the quantity of boron to be 
added was usually only a few thou- 
sandths of one percent. The alloy con- 
taining nominally one percent boron 
was prepared by melting chemically 
pure boron with silicon A using the 
melting techniques for 320 g silicon 
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FIG 1a—Silicon ingot preparation. 
Silicon eranutes and crucible arrangement in background. Ingot and ingot sections in 
foreground. 


ingots to be described in the next sec- 
tion. This alloy was crushed in a 
hardened steel die, ground to a fine 
powder in an agate mortar, thoroughly 
mixed and analyzed for boron. Portions 
of this master alloy were then used in 
preparing the experimental ingots. 

Direct additions of phosphorus were 
not feasible because of its low melting 
point and volatility. Instead use was 
made of the reaction: 
2Ca3(PO.)2 ao 5 Si 

= 6Ca0 + 4P + 5 SiO, 

When this method was used, spectro- 
chemical analysis revealed that no cal- 
cium was retained by the silicon. 
Apparently also, calcium oxide formed 
by the reaction does not affect the 
properties, for the direct addition of 
calcium oxide to silicon ingots caused 
no changes in either rectifying charac- 
teristics or resistivity. 

Additions of aluminum, arsenic and 


antimony for the qualitative tests de-_ 


scribed were made by adding these ele- 
ments directly to the furnace charge. 


PREPARATION OF SILICON INGOTS 


The ingots of silicon were prepared 
in silica crucibles in an atmosphere of 
helium in a high frequency induction 
furnace. Since silicon cannot be heated 
by direct induction, a graphite heater 
which fitted around the melting cruci- 
ble was used. Most of the early work 
was done with 45 g ingots. In preparing 
the ingot the charge was fused and then 
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FIG 1b—Longitudinal section of 320 gram 


slowly cooled by reducing the power 
applied to the induction coil. Freezing 
occurred largely from the top surface 
downward and to a lesser extent in- 
ward from the sides and upward from 
the bottom. During freezing, normal 
impurity segregation occurred. That is, 
the silicon at the top of the ingot was 
highest and that at the core of the 
melt was lowest in purity. 

It was difficult to produce crack-free 
ingots by this method because of the 
expansion of silicon during solidifica- 
tion. If a mass of silicon is allowed to 
freeze in the normal manner, in the 
final stages of freezing a liquid core 
will be surrounded by a solid shell 
which may be easily ruptured by the 
expansion of the freezing liquid. By 
changes in solidification technique, 
however, means were found for pre- 
paring 320 g ingots free of cracks 
throughout the major part of the ingot. 
Such ingots were prepared in cylindri- 
cal silica crucibles of 134 in. diam 
and 5 in. tall. Melting was accom- 
plished in the same manner as for the 
smaller charges, using graphite heaters, 
but freezing was controlled by gradu- 
ally removing the furnace tube from 
the induction coil while power was still 
applied to the coil. Thus the top of 
the melt froze first, and solidification 
progressed slowly downward, the total 
time for solidification being about 20 
min. This not only avoided cracking 


silicon ingot. 


but gave precise control over impurity 
distribution in the ingot. Due to seg- 
regation of impurities, the silicon at 
the top of the ingot had the highest 
purity, while the last material to freeze, 
at the bottom portion of the ingot, had 
the lowest purity. Fig la shows the 
crucible assembly, a typical 320 g sili- 
con ingot and several sections cut from 
an ingot. The macrostructure of the 
ingot is shown in the longitudinal sec- 
tion, Fig 1b. 


ELECTRICAL CHARACTERISTICS 
AND STRUCTURAL FEATURES OF 
THE EARLY SILICON INGOTS 


The early ingots (45 g) prepared 
from selected lots of silicon A were 
found to consist of zones of p-type and 
n-type separated by a photovoltaic 
barrier.> The p-type zone was located 
in the region of the ingot which solidi- 
fied first while the n-type zone was 
located in the region of the ingot which 
solidified last. The macrostructure of 
the ingots is illustrated in the diagram, 
Fig 2. Relatively large columnar crys- 
tals extend downward from the top 
surface of the ingot to a depth of about 
one-half inch. Columnar grains are also 
found extending inward from the sides 
and upward from the bottom for about 
one-eighth inch. Beyond the columnar 
grains irregular grains are found with a 
network of a second phase in the grain 
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boundaries. The central portion of the 
‘ingot is porous presumably as a result 
of gas evolution in the last stages of 
solidification. The outer part of the 
columnar zone is p-type, the inner part 
n-type. The central portion of the 
ingot, containing the irregular grains 
is also n-type. The boundary between 
the p- and n-zones is approximately 
1 mm in width and extends across the 
columnar grains, following in general 
the contour of the ingot surface. Since 
solidification occurred not only from 
the top surface downward but also to 
some extent inward from the bottom 
and sides of the crucible, the boundary 
is elliptical in cross-section and en- 
closes the n-zone. It is evident that 
the boundary follows the contour of 
the freezing surface as it advanced 
during solidification. In the 320 g¢g 
ingots similar effects are observed. 
However, in this case the solidification 
of the melt is substantially unidirec- 
tional, progressing from the top surface 
downward. The boundary then extends 
across the ingot and the portion of the 
ingot above it is p-type and below it 
is n-type. 

If ingots are rapidly cooled by shut- 
ting off the power in the induction coil 
when the charge has melted, the re- 
sulting macrostructure is quite differ- 
ent. The crystallites are no longer 
columnar but are quite irregular in 
shape. In each grain an island of p-type 
is found within a matrix of n-type. The 
p- and n-zones are again separated by 
a barrier layer, but the photovoltages 
developed are lower than those for the 
barriers of the slowly cooled ingots. 
The structures of both the rapidly and 
slowly cooled ingots may be resolved 
microscopically and are discussed in a 
companion paper.® 

Photovoltaic cells may be prepared 
from the slowly cooled ingots by cut- 
ting samples so that one part is p-type, 
the other n-type separated by the 
barrier. Such cells are sensitive both 
to visual and infra-red radiation. They 
are quite stable and have shown no 
change in characteristics over a period 
of several years. Moreover, the effect 
persists even after annealing at 1000°C 
for a number of hours. 

Associated with the internal photo- 
voltaic boundary are two related effects 
of interest. Specimens containing these 
boundaries show both a rectification 
effect and a pronounced thermoelectric 
effect. The rectification effect is similar 
to that obtained in copper oxide or 
selenium cells. In specimens containing 
these internal boundaries rectification 
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FIG 2—Schematic representation of 45 gram silicon ingot showing barrier. 


ratios above 500 at 1 volt have been 
obtained. Similar rectification and 
photovoltaic effects in germanium 
have been reported by Benzer.’ 

Measurement of the resistivity of 
the silicon at different positions in the 
ingots containing p-n boundaries re- 
vealed an interesting relationship. 
Since increasing the concentration of 
impurities in semiconductors decreases 
the resistivity and since chemical 
analysis had shown the’segregation of 
impurities in the ingots to be normal 
it was expected that the resistivity 
would decrease steadily from a high 
value for the material which solidified 
first to a lower value for the material 
which solidified last. Instead it was 
observed that in the p-region the re- 
sistivity was least for the first frozen 
material and that it increased with 
depth to a high value at the barrier. 
In the n-region the resistivity was 
highest near the barrier and then de- 
creased with distance from the barrier 
reaching its lowest value in the region 
of the ingot which solidified last. The 
variation in resistivity in the p- and 
n-zones of a 320 g ingot is shown in 
Curve 1, Fig 3, which will be discussed 
at a later point in the paper. 

Several other significant facts were 
observed in the early studies. For a 
given lot of silicon A the location of 
the barrier and the relative amounts 
of p- and n-silicon were precisely re- 
produced from ingot to ingot but differ- 
ences were obtained between lots. The 
mean resistivity in the p-silicon was 
also related to the location of the 
barrier and in general it decreased as 
the amount of p-silicon in the ingot 


increased. This clearly indicated the 
important role of impurities in deter- 
mining properties and led to a detailed 
study of the electrical properties of 
silicon containing different alloying 
constituents in trace amounts. 


EFFECT OF BORON ON THE 
RESISTIVITY AND RECTIFICATION 
CHARACTERISTICS OF SILICON 


To obtain quantitative data on the 
effect of boron on resistivity and the 
rectification properties ingots were 
made with boron additions ranging 
from 0 to 0.01 pct. These ingots were 
prepared using 320 g charges of silicon 
A mixed with appropriate quantities of 
the silicon-boron master alloy. The re- 
sistivity measurements were made on 
rectangular specimens, approximately 
1x %Xx% in. in size. These were 
cut from the ingots so that the long 
axis was parallel to the top surface of 
the ingot. Current leads were affixed 
to the ends of the specimen by electro- 
plating with nickel and soldering. The 
potential drop across probes on the sur- 
face of the specimen was then deter- 
mined for small known currents by a 
potentiometric method. From these 
data, the dimensions of the sample and 
the distance between probes, the re- 
sistivity may be calculated. The sign 
of rectification, that is, whether the 
silicon was p- or n-type, was deter- 
mined by applying a point contact to 
the surface of the specimen and ob- 
serving the polarity for the easy direc- 
tion of current flow. 

The resistivities of the central sec- 
tions of the specimens were determined 
for a number of vertical positions in 


Metals Transactions, Vol. 185... 385 


TOP 


DEPTH IN INGOT IN INCHES 
NM 


Ww 


0.04 0.08 O42 0.16 


0.20 0.24 
RESISTIVITY IN OHM-CM 


FIG 3—Effect of boron additions on the electrical properties of silicon A. 


each ingot. Resistivity measurements 
in the n-region were possible, however, 
only for the initial sample in the series 
to which no boron was added. In the 
other ingots the n-region was too re- 
stricted in size to permit several points 
to be obtained. 

These data are plotted in Fig 3. It 
will be seen that within this compo- 
sition range increasing the concentra- 
tion of boron in silicon A has three 
significant effects: 1. It increases the 
amount of p-silicon and lowers the po- 
sition of the barrier (Curves 1, 2 
and 3); if sufficient boron is added 
only p-type is formed (Curve 4). 2. It 
lowers the mean resistivity of the sili- 
con. 3. It increases the uniformity of 
resistivity for a considerable part of 
the material in the ingot and for the 
0.01 pet boron addition substantially 
no variation is observed throughout 
the ingot (Curve 4). 

In the preparation of silicon point 
contact rectifiers the uniformity of the 
finished rectifiers is determined to a 
considerable extent by the uniformity 
of resistivity of the silicon used. It was 
desirable for this reason to attain the 
uniformity of the 0.01 pet boron com- 
position at higher levels of resistivity 
also. To determine whether this could 
be achieved in silicon of higher purity, 
several ingots were prepared from sili- 
con B. After fusion without alloying 
additions this material is p-type and 
its specific resistance is of the order of 
one ohm-cm. Addition of 0.001 pct 
boron, however, markedly lowers its 
resistivity as shown in Curve 1, Fig 4. 
The resistivities for this alloy ranged 
from 0.07 ohm-cm at the top of the 
ingot to about 0.03 ohm-cm at the 
bottom. Thus no improvement in uni- 
formity of resistivity was obtained by 
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the use of silicon of extreme purity as 
the base material. It will be noted, 
however, that the resistivity decreased 
with depth in the ingot. Hence, in sili- 
con containing only boron as.the prin- 
cipal alloying constituent the variation 
of resistivity in the ingot is in the 
manner to be expected from a normal 
segregation. This is in contrast to the 
increase in resistivity with depth ob- 
served in ingots of silicon A containing 
comparable amounts of boron. 


EFFECT OF BORON AND 
PHOSPHORUS ON THE PROPERTIES 
OF ULTRA-HIGH PURITY SILICON 


To explain the anomalous resistivity 
gradient observed in ingots of silicon 
A the presence of a second active im- 
purity which also affected conductivity 
was assumed. Further investigations 
revealed that traces of phosphorus 
were responsible for the anomalous 
resistivity variations and the forma- 
tion of n-silicon and the photovoltaic 
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boundary in the ingots of this material. 

To study the effects in silicon of 
phosphorus and boron in combination, 
a number of alloys were prepared from 
silicon B. Specimens were cut from 
these ingots through the central verti- 
cal axis and the resistivity and direc- 
ee of rectification then determined 
at 1¢ in. intervals. The data for typical 
slleye are given in Table 2 and Fig 5. 


Table 2... Resistivity of Silicon- 
boron and Silicon-Phosphorus 


Alloys 


Resistivity at Room Temperature 
of Samples from Different 
Locations in the Ingot 
Compo- 
sition 

Top | Middle} Bot 

Pet ohm- ohm- ohne 

cm cm Gia 
Silicon B |+0.001 B 0.067 | 0.050 | 0.040 
Silicon B_|+0.01 B 0.015 | 0.011 | 0.006 
Silicon B |+0.0029 P*| 0.041 | 0.034 | 0.017 
Silicon B |+0.0058 P*| 0.031 | 0.023 | 0.008 


* Added as Ca3(POs,)>. 


These data show that: 

1. The addition of boron to pure sili- 
con produces p-silicon while the addi- 
tion of phosphorus produces n-silicon. 
The resistivity of such alloys decreases 
with increasing concentration of the 
added element (Table 2 and Curves 
1 and 2). 

2. If ingots of silicon containing 
either boron or phosphorus are pre- 
pared by freezing from the top surface 
downward, normal segregation occurs 
and as a result the resistivity decreases 
with depth in the ingot. The rate of 
segregation of phosphorus is somewhat 
greater than that of boron as shown 
by a more steeply sloping resistivity 
curve (Curves | and 2). 

3. Ifin silicon containing both boron 
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FIG 4—Resistivities of various alloys of silicons A and B. 
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and phosphorus, the boron exceeds the 
phosphorus by a small molar amount, 
of the order of 0.0002 pct, and the ingot 
is prepared by solidifying slowly from 
the top downward, then zones of p- and 
n-silicon will be formed, separated by 
the photovoltaic boundary (Curve 3). 
It is therefore possible to reproduce 
completely the resistivity, rectification 
and other properties observed for sili- 
con A by adding the correct relative 
amounts of boron and phosphorus to 
silicon B. Since boron and phosphorus 
are both present in silicon A it is a 
reasonable conclusion therefore that 
they are the principal impurities re- 
sponsible for the electrical effects ob- 
served in this material. 

The mechanism of formation of the 
p- and n-zones and the barrier may 
now be interpreted in terms of an 
electrical interaction or compensating 
effect of equivalent amounts of donor 
and acceptor impurities. Referring to 
Fig 6, Curves 1 and 2 are hypothetical 
segregation curves for boron and phos- 
phorus with phosphorus segregating 
more rapidly than the boron. At a 
depth of 3 in. in the ingot the curves 
cross and at this point the molar con- 
centrations of boron and phosphorus 
are equal. Since it is believed that these 
impurities neutralize one another elec- 
trically, no residual impurities are 
available at this point to contribute 
to the conductivity of the silicon.* As 
a result high resistivity and poor point 
contact rectification are to be expected. 
This is actually the case in the region 
of the barrier. Above this region boron 
is in excess by an amount which is 
indicated by the difference between the 
two segregation curves at each location 
in the ingot. This amount is given by 
Curve 3, Fig 6 which shows that the 
free (excess) boron decreases with depth 
in the ingot from a value of 0.001 pct 
at the top to 0 pct at the barrier. Since 
boron is in excess the silicon is p-type, 
and since the concentration of free 
boron diminishes with depth, the re- 
sistivity increases correspondingly. Be- 
low the barrier phosphorus is in excess 
of boron by an amount equal to the 
difference between their concentrations 
at each location. The concentration of 
free phosphorus below the barrier, 
_ given by Curve 4, Fig 6, increases from 
0 at the barrier to 0.0015 pct at the 
bottom of the ingot. Since phosphorus 
is in excess in this region the silicon is 


n-type and its resistivity decreases with 
: * Similar phenomena have been reported in 
lead sulphide photoconductive cells by Star- 


kiewicz, Sosnowski, and Simpson® and by Sos- 
nowski, Soole, and Starkiewicz.® 
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FIG 5—Effect of boron and phosphorus on the electrical properties of silicon B. 
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FIG 6—Mechanism of formation of barrier in silicon ingots. 


depth in the ingot. 

If silicon having the ‘characteristics 
of Fig 6 were remelted and 0.001 pct 
more boron were added, the boron 
segregation Curve No. 1, would shift 
to the right and would intersect the 
phosphorus curve at a lower point. 
Thus, the photovoltaic barrier would 
appear at a lower point, the amount of 
p-silicon would be increased, and, since 
the excess of boron at the top of the 
ingot would also increase, the mean 
resistivity of the p-silicon would be 
lower. If instead, the boron concen- 
tration were held constant and the 
concentration of phosphorus reduced, 
Curve 2 would shift to the left, and 
again, the barrier would have occurred 
lower in the melt, the free boron con- 
centration above the barrier would 
have increased and the mean resistivity 
would have been lowered. 

It may be seen, therefore, that the 
electrical characteristics of the silicon 
ingots may be explained in terms of 
the differential segregation of boron 
and phosphorus. The hypothesis has 
not been checked by direct analysis, 
however, because of difficulties in de- 
termining accurately the small concen- 
trations of boron, and phosphorus at 
the different locations in the ingot. It 


is believed, however, that the hypo- 
thetical values given in Fig 6 are cor- 
rect as to order of magnitude. 

While these studies have been con- 
cerned principally with boron and 
phosphorus in silicon it has also been 
shown that aluminum additions pro- 
duce p-type silicon, while arsenic and 
antimony produce n-type silicon. More- 
over, photovoltaic barriers have been 
produced by the addition of arsenic to 
silicon B. It seems to be generally true 
therefore that the addition to silicon of 
elements of group 3, with 3 valence 
electrons produces p-silicon while ele- 
ments of group 5, with 5 valence elec- 
trons, produces n-silicon. 


DEPENDENCE OF UNIFORMITY OF 
RESISTIVITY ON THE BORON 
PHOSPHORUS RATIO 


It has been shown that in silicon 
ingots containing only one principal 
impurity, the resistivity varies with 
location in the ingot. On the other 
hand, if 0.01 pet boron is added to 
silicon A practically no variation in 
resistivity is observed throughout the 
ingot. This suggested that uniformity 
of resistivity throughout the ingot 
might be related to the relative 
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FIG 7—Boron additions to various mixtures of silicon A and 
B to obtain uniform resistivity in silicon ingots. 
The values in parenthesis are the resistivity ranges observed for 


each composition. 


amounts of boron and phosphorus in 
the charge and that under the correct 
conditions the uniformity of the 0.01 
boron composition might also be at- 
tained in materials of high resistivity. 
To check this experimentally several 
melts were prepared using as raw ma- 
terials different proportions of the sili- 
cons A and B, adding 0.001 pct boron 
to each charge. Since the A silicon con- 
tained both boron and phosphorus 
while the B silicon is free of analyti- 
cally detectable quantities of these ele- 
ments this series provided samples with 
a range of boron and phosphorus con- 
centrations in which the relative pro- 
portions were systematically varied in 
the direction of increasing the boron 
to phosphorus ratio. 

Resistivity as a function of location 
in the ingot for this series is plotted in 
Fig 4. As the concentration of phos- 
phorus is decreased by increasing the 
proportion of silicon B in the charge, 
the variation in resistivity with depth 
decreases. The least variation is ob- 
tained with the 90-10 composition. 

Thus, uniform ingots of silicon of 
desired resistivity may be prepared by 
making the proper boron additions and 
maintaining a critical boron to phos- 
phorus ratio. This ratio is about 5 
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boron atoms for each phosphorus atom’ 
Fig 7 shows the amounts of boron 
which must be added to various mix- 
tures of silicons A and B to maintain 
the required 5 to 1 ratio and gives the 
resistivity range obtained in each ingot. 
It will be seen that sensibly uniform 
ingots with any resistivity desired in 
the range from 0.01 to 0.1 ohm-cm 
may be obtained in this way. These 
proportions would vary slightly if the 
composition of silicon A changed sig- 
nificantly from lot to lot. 


Summary 


Boron and aluminum are acceptors 
in silicon, and phosphorus, antimony, 
and arsenic are donors forming respec- 
tively p-type or n-type silicon. The 
presence of boron or phosphorus alone 
markedly reduces the specific resistance 
of silicon. If ingots of silicon containing 
small amounts of either boron or phos- 
phorus are solidified from the top 
downward, normal segregation occurs 
and the resistivity decreases with depth 
in the ingot. If boron and phosphorus 
are present together in certain amounts, 
ingots may be prepared in which the 
top section is p-type and the bottom 


is n-type silicon, in which a barrier 
region with interesting rectification and 
photovoltaic properties separates the 
p-type and n-type regions. In the 
p-zone the resistivity increases rapidly 
as the barrier is approached, reaches a 
maximum at the barrier and then de- 
creases in the n-zone. The formation 
of the barrier and the variation of 
resistivity with depth in the ingot are 
interpreted as being due to interaction 
between donors and acceptors, in this 
case boron and phosphorus, in which 
one mol of boron compensates one mol 
of phosphorus. Boron and phosphorus 
segregate at different rates under the 
solidification conditions used so that in 
the region of the ingot which solidifies 
first boron is in molar excess and the 
silicon is p-type. In the region which 
solidifies last phosphorus is in molar 
excess and the silicon is n-type. At the 
location in the ingot where the molar 
concentrations of boron and _ phos- 
phorus are equivalent, the barrier is 
found. 

Addition of phosphorus to boron 
silicon compositions improves the uni- 
formity of the resistivity in the ingot. 
In spite of the extreme sensitivity of 
the resistivity to impurities means were 
found to obtain sensibly uniform re- 
sistivities by maintaining the correct 
boron to phosphorus ratio. 
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Introduetion 


The effects of impurities on the elec- 
trical properties of silicon are discussed 
in a companion paper by Messrs. Scaff, 
Theuerer, and Schumacher.! It was 
shown that an ingot of silicon which 
contained boron and phosphorus in 
certain concentrations consisted partly 
of p-silicon and partly of n-silicon? and 
that the common boundary between 
these regions was the source of a photo- 
voltage. These features were ascribed 
to the segregation of boron and phos- 
phorus during solidification of the 
ingot. Because of different rates of 
segregation the first portion of the 
ingot to freeze contained a molar ex- 
cess of boron over phosphorus and 
hence was p-silicon. The last-solidified 
region contained a molar excess of 
phosphorus and was n-silicon. 

This paper is concerned with the 
microscopic examination of such ingots. 
The microstructures are rather unusual 
in certain respects and their study has 
helped to show how the segregation of 
minor elements modifies the electrical 
properties of silicon. The microstruc- 
tures of ingots prepared from two lots 
of silicon, designated 1 and 2, will be 
described. These lots were obtained 
from the Electro Metallurgical Co. 
Both contain 99.8+ pct silicon, but 
they differ in impurity analysis. For 
each lot will be shown the microstruc- 
ture of a slowly cooled ingot, for which 
the time of solidification is 6 min., and 
that of a rapidly cooled ingot, for which 
the time of solidification is 2 min. The 
ingots were prepared from 45 g charges 
of silicon. - 

When an alloy freezes a cored struc- 
ture is generally produced because of 
insufficient diffusion to remove concen- 
tration differences established during 
freezing. As a result of coring the first 
portion of a crystal to freeze is usually 
poorer in solute than equilibrium re- 
quires, while the last material to 
solidify is richer. In a columnar grain, 
growth is principally unidirectional and 
coring can produce a concentration 
gradient along the entire grain. By 
carrying the picture of the coring 
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FIG 1—Sketch showing features of slowly-cooled ingot of silicon. 
Vertical section through center of ingot. 


process from a single grain to an entire 
ingot in which columnar grains are 
aligned more or less radially, one can 
easily see that a composition gradient 
could be established between the out- 
side and center of the ingot. This, to a 
considerable extent, occurs during the 
solidification of a slowly cooled ingot 
of silicon. 


Slowly Cooled Ingot 


In slowly cooled ingots of both lots 
of silicon, columnar grains which are 
approximately radial in direction and 
longest at the top of the ingot enclose 
a region in which the shapes and align- 
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ment of the grains are considerably less 
regular. The central region is last to 
solidify and contains cavities and in- 
clusions. The sketch of Fig 1 illustrates 
some of these features, as well as others 
which will be described below. 

If a polished section of an ingot is 
etched in a mixture of 2 parts of 20 pct 
HF and 98 parts of HNO; the p-n 
barrier becomes visible. The overall 
shape of the barrier in a slowly-cooled 
ingot is roughly oval, as may be seen in 
Fig 1. The proportion of n-silicon, that 
is, the region enclosed by the barrier, 
is considerably greater in ingots of lot 1 
than in those of lot 2. 

A sample about 1g X 14 X \ in. 
was cut from a slowly cooled ingot of 
lot 1 with its long direction extending 
from the top of the ingot to the porous 
region. Thus its upper half was p-sili- 
con, its lower half n-silicon. A longi- 
tudinal face was polished and etched 
in the acid mixture. The areas of inter- 
est are identified in Fig 2. A band of 
parallel markings extends across the 
sample in the columnar region. These 
striae are roughly parallel to the upper 
surface of the ingot and cross grain 
boundaries with only slight deviations. 
They are quite distinct in the n-silicon, 
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FIG 2—Longitudinal section of slowly-cooled ingot of lot 1. Etched in acid mix- 
ture. X 14. 


Reduced one-third in reproduction. 


especially near the p-type area. Striae 
are present in the p-silicon but are not 
visible in Fig 2. 

Photovoltaic activity is confined to 
points on the sample which are com- 
mon to both p- and n-silicon. It was 
possible to determine the locations of 
such points very accurately by con- 
necting a suitable recording instrument 
to the ends of the sample and then ex- 
ploring the specimen surface at high 
magnification, using the illuminating 
beam of the microscope as a source of 
light. 

A portion of the p-n region of Fig 2 
is shown at higher magnification in 
Fig 3. 

Examination of Fig 2, 3 and 5 will 
show that although a few n-striae are 
completely isolated, most of the n- and 
p-striae are connected to the main 
bodies of n- and p-silicon respectively. 
The striae may be said to be interlock- 
ing rather than alternating. Hence the 
boundary which is common to the main 
bodies of n- and p-silicon is quite long. 
A result of this feature is an enhance- 
ment of the photo-current obtained on 
illumination. 

The difference in the behavior of the 
two etchants which have been used in 
this study is interesting. A warm, 
aqueous, 5 pct solution of sodium 
hydroxide forms etch-pits whose shapes 
depend on crystal orientation. At mod- 
erate and low magnifications this effect 
is seen as a uniform darkening of entire 
grains which varies in degree in indi- 
vidual grains. Hence this reagent is 
helpful in showing grain size and shape. 
It is entirely insensitive, however, to 
the presence of the p-n boundary or 
the effect which produces the striae. 
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On the other hand the mixed acid 


etchant reveals the striae and the p-n 
boundary. It produces an _ overall 
brightening and delineates the grain 
boundaries. 

The following explanation is ad- 
vanced for the microstructures of a 
slowly cooled ingot: 

When freezing begins columnar grains 
form at the outside of the melt and 
grow inward, those originating at the 
upper surface growing most rapidly. 
At any time during solidification the 
shape of the liquid-solid interface 
roughly parallels the outer surface of 
the ingot. This advancing front is more 
or less unbroken except for small dif- 
ferences in growth of individual grains 
and irregularities at the grain bound- 


aries. The striae in the columnar region 
are believed to be the result of minor 
undulations in the composition gradi- 
ent which are caused by disturbances 
in the liquid adjacent to the advancing 
solid. They record the positions of the 
liquid-solid interface throughout the 
solidification of the columnar region. 
Since an overall concentration gradi- 
ent of impurities is established during 
the freezing of the columnar grains the 
striae may also be regarded as contours 


of constant composition. 


An explanation of the alternating 
strips of p-silicon and n-silicon at the 
boundary is given by the hypothetical 
curve of Fig 4, which shows the con- 
centrations of excess boron or phos- 
phorus as a function of distance from 
the top of the ingot for a single co- 
lumnar grain. The reversals represent 
the local variations in composition 
which are associated with the striae, 
while the major trend of the curve 
depicts the general effect of coring on 
the difference between the concentra- 
tions of phosphorus and boron. Since 
silicon changes from p-type to n-type 
at zero difference, it is possible to have 
a number of alternate bands of p-silicon 
and n-silicon in a polished section if the 
fluctuations are of sufficient amplitude. 
This situation is shown in Fig 4, where 
two-narrow strips of p-silicon and two 
of n-silicon appear, and is a charac- 
teristic feature of slowly cooled ingots, 
as may be seen from Fig 5 and from 
Fig 2 and 3. The dark edges between 
the p- and n-areas in Fig 5 do not 
necessarily indicate the presence of a 
substance at the boundary but are an 


FIG 3—Area from Fig 2. < 50. 


Reduced approximately one-third in reproduction. 
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FIG 4—Relation between excess im- 
purity concentration and distance from top 
of ingot. 


etching effect. The p-silicon is attacked 
more rapidly by the acid etchant, 
leaving raised peninsulae of n-silicon 
whose sides are oblique, and hence are 
dark in vertical illumination. 


Rapidly Cooled Ingot 


- If the molten silicon is cooled rapidly, 
nucleation occurs throughout the melt 
rather than only at the surface and 
instead of columnar crystals an equi- 
axed grain structure results. Such an 
ingot differs from a slowly cooled ingot 
electrically and microstructurally. Dur- 
ing solidification coring produces at the 
center of each grain a region which is 
poor in impurities and which is sur- 
rounded by layers of increasingly higher 
concentration. In contrast, the region 
weak in impurities in a slowly cooled 
ingot is at the outside of the ingot and 
is continuous. In a rapidly cooled ingot 
inclusions are found in the last-solidified 


FIG 5—Interlocking strips of n- and p-silicon in slowly- 
cooled ingot of lot 1. x 1000. - 


Reduced approximately one-third in reproduction. 
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parts of each grain and are distributed 
throughout the ingot instead of being 
concentrated in the center, as in a 
slowly cooled ingot. In short, in a 
slowly cooled ingot segregation may 
be regarded as a feature of the ingot 
as a whole, while in a rapidly cooled 
ingot it is in general localized to indi- 
vidual grains. 

If the relative concentrations of 
boron and phosphorus vary in a single 
grain as they do in a slowly cooled 
ingot, one would expect to find a p-n 
boundary having the shape of a closed 
figure in that grain. Examination of 
rapidly cooled ingots has shown this 
to be so. The microstructures may be 
described as islands of p-silicon in a 
background of n-silicon. Measurements 
of the direction of point contact rectifi- 
cation, made by using a sharply pointed 
probe to touch individual grains, 
showed that invariably the islands were 
p-silicon while the surrounding areas 
were n-type. 

Fig 6 shows an area in a rapidly 
cooled ingot of lot 1 in which several 
islands of p-silicon are visible. These 
islands were concentrated at the top 
of the ingot where, despite the non- 
columnar grain growth, freezing did 
take place first. The remainder of the 
ingot was entirely n-type. Thus, in 
addition to local coring in each grain, 
some segregation had occurred in the 
ingot as a whole. 

An area from a rapidly cooled ingot 
of lot 2 is shown in Fig 7 and 8. Here 
the p-n boundaries are near the grain 
boundaries. The major part of each 
grain is p-silicon surrounded by a thin 


strip of n-silicon. Again some segrega- 
tion occurred over the ingot as a whole, 
as some grains at the top of the ingot 
contained only p-silicon and the grains 
containing the greatest proportion of 
n-silicon were at the center of the ingot. 

It was stated in the discussion of 
slowly cooled ingots that those of lot 2 
contained more p-silicon than those of 
lot 1. As Fig 6 and 7 show, this relation- 
ship is also true for the individual grains 
in rapidly cooled ingots. 

Although the p-n boundaries in the 
two types of ingot are unlike in many 
respects, they are basically similar. 
Their shapes and locations differ be- 
cause the ingots solidify in dissimilar 
ways. The appearance of the boundary 
in a slowly cooled ingot is further modi- 
fied by the effect responsible for the 
striae. Apparently this effect is seldom 
present in rapidly cooled ingots. 

The irregular shapes of the p-n 
boundaries, especially in rapidly cooled 
ingots, make it unlikely that they are 
localized to certain crystallographic 
planes. Their locations and appearance 
at high magnification distinguish them 
from grain boundaries. Illustration of 
these points is offered in Fig 9 and 10. 


Summary 


The microstructures of ingots of two 
lots of silicon have been described, both 
as prepared by slow cooling and by 
rapid cooling. The dependence of the 
distribution of the p- and n-regions on 
segregation has been indicated. When 
the ingot freezes slowly the grains are 
columnar, the regions of p-silicon form 


FIG 6—Rapidly-cooled ingot of lot 1. Etched in acid mixture. 


xX 50. 


' Reduced approximately one-third in reproduction. 


Metals Transactions, Vol. 185 . . . 391 


Yi 


FIG 7—Rapidly-cooled ingot of lot 2. Etched in acid mixture. 
x 100. 


Reduced approximately one-third in reproduction. 
FIG 8—Area from Fig 7 showing two p-n barriers separated 
by a grain boundary. Oblique illumination. 250. 


Reduced approximately one-third in reproduction. 


FIG 9—P-N barrier in rapidly-cooled ingot of lot 1. 


Note irregular shape and variation in thickness. Etched in acid 
mixture. X 500. Reduced approximately one third in reproduction. 


a continuous zone which encompasses 
the n-silicon, and the p-n boundaries 
are relatively continuous. When cool- 
ing is more rapid, nucleation occurs 
throughout the melt and grain growth 
is disorderly, with the result that the 
p-silicon and the p-n boundary in each 
grain are separated from the corre- 
sponding regions in adjacent grains by 
layers of n-silicon. 


« 


FIG 10—(a) Grain in rapidly-cooled ingot of lot 1. Et 


ched in warm 5 pct KOH. (b) Same grain, after etching in acid mixture ‘ilewed e 
re-etching in KOH. P-N barrier is now visible. x 50. 


Reduced approximately one-third in reproduction. 
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Controlled Drying of Retorts 
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Dry room equipment at Donora Zinc 
Works is of the design which prevailed 
at the time the plant was built in 1915. 
It consists of 11 adjoining rooms, each 
being 99 ft long, 11 ft wide, and 7 ft 
high and having a capacity for 1040 
retorts. Heat is supplied by steam coils 
beneath the slatted wood floor and by 
warm air ducts at the ceiling. Drying 
practice is about the same as that 
generally followed in the industry ex- 
cept that, under normal zinc furnace 
operations, the maximum drying time 
is 45 days. 

During certain seasons of the year 
the drying process was seriously af- 
fected by varying weather conditions 
which frequently resulted in a scrap 
loss of 5 to 7 pct. Because of these 
unfavorable conditions, which caused 
uneven drying and strains in the re- 
torts, increased retort failures in the 
zinc furnaces were recorded. Regu- 
lation of temperature and humidity 
under all conditions appeared to be the 
logical solution of this problem. 

Controlled drying had been devel- 
oped for a number of ceramic products 
and investigation of several such dry- 

‘ing processes in this area revealed 
favorable results. Along with control 
of drying conditions and the attendant 
decrease in scrap losses, plant operators 
also reported a material reduction in 
drying time. 

Another factor affecting the decision 
to proceed with this development was 
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FIG 1—Front view of Carrier Heater unit. 


the drastic change in market conditions 
for retort clay. Curtailment of ship- 
ments from the chief source of supply 
made it necessary to proceed with 
blending of other available clays, but 
quality of these clays was questionable 
for adequate retort life in the 24 hr 
furnace cycle. Rapid furnace testing of 
new mixtures was desirable but im- 
possible with the prolonged drying 
schedule. Therefore development of a 
controlled drying process for zinc re- 
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torts offered the solution to the problem 
of rapid testing of retort mixtures. 


Description of Process 
and Equipment 


The freshly extruded retort is cylin- 
drical in shape, 58 in. long, 9 in. id 
and has 114 in. side walls. One end is 
closed and approximately 2 in. thick. 
The moisture content of this ‘‘green”’ 
retort is about 17 pet which means a 
necessary removal of 30 lb of water 
per retort. Retorts are set on the slatted 
floor of the dry room with the closed 
end down. 

The controlled drying process de- 
pends upon the circulation of a large 
volume of conditioned air at. low ve- 
locity. To provide for uniform distribu-: 
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FIG 2—Rear view of Carrier Heater unit. 


tion of the air stream, the heater units 
should discharge into a large chamber. 
The only available space for this, in 
the existing dry rooms, was under the 
slatted floor. Two inverted type Carrier 
Heater units, each with a fan capacity 
of 17000 cfm, were installed in the 
middle one of three dry rooms, and 
connected to each adjacent room with 
short ducts leading into wall openings 
above and below floor level. Manually 
operated interlocked dampers within 
the unit regulate the flow of air to 
either room. 

To control conditioning of the air 
stream, each heater unit is provided 
with wet and dry bulb temperature 
instruments located beneath the floor 
of each room opposite the duct open- 
ing. These control instruments actuate 
air operated valves on the steam lines 
to the heater coils and to the steam 
spray (Fig 1). These supply heat and 
moisture as required. During the dry- 
ing cycle a slight pressure is maintained 
in the dry room and make-up air is 
introduced through a fresh air damper 
(Fig 2). This damper, located in the 
rear wall of the heater unit above the 
steam coils, is operated by an air valve 
which in turn is controlled by the dry 
bulb instrument. 

After considerable experimental work 
a standard practice for quick controlled 
drying of zinc retorts has been devel- 
oped to suit conditions at this plant. 

Loading of the room requires about 
two days production from the retort 
press. Retorts are placed in staggered 
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rows 3 in. apart and this widespacing 
provides free movement of the rising 
warm air around the retorts (Fig 3). 
Incidentally, this spacing has reduced 
the capacity of each room from 1040 
to 760 retorts. 

After loading, the stack damper and 
doors of the room are closed and retorts 
are allowed to stand at existing con- 
ditions until the following morning. 
Air circulation is then started and con- 
tinued for 48 hr at a dry bulb tempera- 
ture of 120°F and 72 pct relative 
humidity. The wet bulb temperature 
for this humidity is 110°F which tem- 
perature remains constant throughout 
the drying cycle. On the third day the 
dry bulb temperature is held at 130°F 
for 8 hr with a relative humidity of 
53 pet. For the next 16 hr the dry bulb 
temperature is fixed at 140°F with a 
corresponding decline in relative hu- 
midity to 38 pct. During the first 6 hr 
of the fourth day the dry bulb tem- 
perature is increased in 10° intervals 
until 170°F is reached, with a final 
relative humidity of 17 pct. At this 
point the fresh air and stack dampers 
are opened. Fresh air heated to 170°F 
is allowed to sweep through the room 
for the next 16 hr to complete the dry- 
ing cycle. Steam is then shut off and 
the fan is used to cool the room. 


Summary 


1. It is evident from the above de- 
scription of drying practice that the 


FIG 3—View of retorts in drying room. 


principles of controlled drying can be 
beneficially applied to the manufacture 
and quick testing of zinc retorts. 

2. The drying cycle has been re- 
duced from 45 days to 4 days with 
assurance that drying conditions can 
be duplicated. This feature is extremely 
valuable in the rapid testing of new 
retort mixtures. 

3. Retort losses in drying have been 
reduced to less than one percent. This 
is about half the normal loss expected 
with the slow drying practice. 

4. Close regulation of temperature 
and humidity has eliminated their fluc- 
tuation caused by variations in the 
weather. 

5. Numerous zinc furnace tests have 
not shown any failure of retorts which 
could be associated with the quick dry- 
ing process. At the same time no im- 
provement in service in the furnaces 
has been detected. 

6. The capacity of the present in- 
stallation is not large enough to supply 
total retort requirements for current 
furnace operations. Therefore the equip- 
ment is used to quick-test the quality 
of retort mixtures to be dried by the 
slow process, and as additional ca- 
pacity for emergency production. In 
these respects the installation has been 
satisfactory. 

7. Quick drying equipment of suffi- 
cient capacity for the entire smelting 
furnace requirements would reduce the 
number of drying rooms by one-half 
with a corresponding decrease in retort 
inventory. 
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Introduction 


Many heats of steel of low carbon 
value have been known to produce 
brittle pieces of steel. The brittleness 
is believed to be due to the impurities 
located within the grain boundaries. 
Such brittle steels have been examined 
with an optical microscope to ascertain 
the nature and the amount of the im- 
purities present at the grain boundaries. 
Due to the relatively low resolving 
power of the optical microscope, the 
impurities are not visible in fine detail. 

The writer obtained some sheet steel 
and proceeded to determine the loca- 
tion of the impurities and to show the 
application of the electron microscope 
to the study of grain boundaries. One 
sample was known to be capable of 
becoming embrittled, whereas another 
sample was believed to be much less 
susceptible to embrittlement. 


Treatment of Specimens 


The specimens were embrittled by 
annealing above the A; point under 
mildly oxidizing conditions. One piece 
of ingot iron could not withstand a 
90° bend, whereas another piece of 
ingot iron was not affected and could 
withstand a 90° bend. The brittle piece 
was then annealed at a high tempera- 
ture in a hydrogen atmosphere. 

The annealed ingot iron was termed 
cured and could withstand a 90° bend 
very easily. The three specimens ex- 
amined will be designated as brittle, 
good, and cured in the discussion that 
follows. 


Procedure 


The sizes of the specimens were as 
follows: one piece of brittle ingot iron— 
3g by 14 in.; one piece of good ingot 
iron—34 by 1 in.; one piece of cured 
ingot iron—3¢ by }¢ in. 

The specimens were too small to be 
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FIG 1—Cut-down screen for narrow 
specimens. 


polished by hand and therefore were 
mounted in bakelite. The polishing 
procedure was carried out in the con- 
ventional manner with the use of 1/0 
through 3/0 papers, and the final polish 
was done with alumina on a billiard 
cloth. The specimens were then etched 
in a 4 pct solution of picral in alcohol, 
and then they were examined through 
an optical microscope. An area was cho- 
sen that showed distinct grain bound- 
aries, and an effort was made to keep 
near this area when pulling the replicas 


REPLICA TECHNIQUE 


The replica technique used in the 
preparation of the replicas for exami- 
nation under the electron microscope is 
described in Electron Metallography.! 
It consists essentially of the following 
steps: 

1. Obtaining a 
specimen. 

2. Applying a swab of ethylene di- 
chloride on the surface. 

3. Applying a formvar solution on 
the surface. 

4. Placing a screen on any desired 
spot. 

5. Breathing on the formvar layer. 

6. Applying scotch tape on the 
screen and film. 


suitably etched 
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7. Pulling the film and the screen up 
with the Scotch tape. 

8. Separating the screen from the 
Scotch tape. 

This replica technique is very similar 
to the one described by Harker and 
Shaefer.?, However, with the added 
step, the percentage of replicas re- 
moved is very much higher regardless 
of the length of the time from the 
etching of the specimen to the actual 
pulling of the replica. 

The replicas were then shadow cast 
with manganese at a filament height 
to replica distance ratio of 114 :7. This 
produced a very high contrast replica 
for use in the electron microscope. 

One of the difficulties encountered 
with this study was the restricted area 
of the specimen. The width of the 
specimens was the same as that of the 
200 mesh nickel supporting screen. In 
order to increase the effective area, the 
screens were cut down as shown in 
Fig 1. The arrow indicates the direc- 
tion in which the replica was pulled. 
This operation made it possible to ob- 
tain a large percentage of good replicas. 

Fig 3 shows an electron micrograph 
of a brittle piece of ingot iron and a 
grain boundary that was polished me- 
chanically. The surface is very rough 
probably due to the incomplete re- 
moval of the flowed layer by the picral 
etchant. The grain boundary does show 
evidence of impurities. It was decided 
to electropolish the specimens to ob- 
tain a much smoother surface than the 
one obtained by mechanical polishing. 


ELECTROPOLISHING 


The specimens were cut in half to 
expose the metal on the back side. The 
exposed metal had sufficient area to 
make good electrical contact and 
electropolishing was carried out easily. 

The conditions for electropolishing 
were 0.9 amp, 35 volts, and 25 sec. 
in an electrolyte composed of 850 cc 
of ethyl alcohol, 100 cc distilled water, 
and 50 cc of perchloric acid. 

The polished specimens were then 
etched in the 4 pct picral solution for a 
shorter time than was necessary for 
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FIG 2—Ingot iron brittle. Mag. 1000 X. FIG 3—Ingot iron brittle. Mag. 18,500 X. 


Reduced approximately one-fourth in reproduction. Reduced approximately one-fourth in reproduction. 


FIG 4—Ingot iron brittle. Mag. 18,500 x. FIG 5—Ingot iron brittle. Mag. 18,500 xX. 


Reduced approximately one-fourth in reproduction. Reduced approximately one-fourth in reproduction. 


FIG 6—Ingot iron brittle. Mag. 18,500 x. FIG 7—Ingot iron brittle. Mag. 18,500 x. 


Reduced approximately one-fourth in reproduction. Reduced approximately one-fourth in reproduction. 
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FIG 8—Ingot iron brittle. Mag. 18,500 X. 


FIG 9—Ingot iron good. Mag. 18,500 x. 


Reduced approximately one-fourth in reproduction. 


FIG 10—Ingot iron good. Mag. 18,500 X. 


Reduced approximately one-fourth in reproduction. 


specimens polished mechanically. The 
grain boundaries were clearly defined 
and the number of scratches was small, 
Fig 2. 


EXAMINATION OF THE GRAIN 
BOUNDARIES 


In order to gain the maximum con- 
trast, the objective aperture was in- 
stalled in the electron microscope. The 
background electrons were eliminated, 
and the electron micrographs showed 
good contrast. The rough surface back- 
ground caused by the flowed layer as 
seen in Fig 3 was eliminated. 

~The brittle piece of ingot iron was 
carefully examined to locate the grain 
boundaries and whatever impurities 
the grain boundaries might contain. 
It was noticed that a large quantity of 
impurities existed at the grain bound- 
aries. These findings were recorded on 
photographic plates and are repre- 
sented by Fig 4-8. 
The good piece of ingot iron was 
then similarly examined to observe the 
amount of impurities present. Fig 9-12 
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show the typical structures that were 
observed in the electron microscope. 

The cured piece of ingot iron was 
then similarly examined to see the 
effects at the grain boundaries pro- 
duced by the hydrogen anneal. Fig 13 
and 14 show two representative pic- 
tures of the cured metal. 


Discussion of Micrographs 


The optical micrograph is included to 
show the grain boundaries at 1000 x. 
The electron micrographs will be di- 
vided into three groups showing the 
grain boundary structure of each group. 
The electron micrographs were taken at 
7500 X and then enlarged to 18,500 x. 

The electron micrographs illustrated 
are lacking in detail especially at the 
grain boundaries. This loss of detail is 
due to the enlargements and printing 
from the original plates. 


BRITTLE IRON 


Fig 3 is an electron micrograph show- 


Reduced approximately one-fourth in reproduction. 


FIG 11—Ingot iron good. Mag. 18,500 X. 


Reduced approximately one-fourth in-reproduction. 


ing the lack of contrast due to the rays 
of scattered electrons which build up a 
general hazy background. The impuri- 
ties are shown at the grain boundaries. 
The white areas are shadows cast by 
the oblique rays of evaporated manga- 
nese. The stringers shown in the ferrite 
areas are probably due to the incom- 
plete removal of the flowed layer by 
the etching solution. 

Fig 4 was taken with the objective 
aperture in the electron microscope. 
The grain boundary is very regular and 
is about 0.5 microns wide. 

Fig 5 shows the intersection of the 
three grains of ferrite. In each case the 
boundary is large and the impurities 
are clearly shown. The width of the 
grain boundaries is about 0.4 to 0.6 
microns. The same size boundary exists 
in Fig 7, but the shadow cast was 
parallel to the grain boundary. This 
produced a loss of details within the 
shadows. 

Fig 7 shows the structure of the 
ferrite (top) which is rough and pro- 
jecting. The lower grain which is 
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FIG 12—Ingot iron good. Mag. 18,500 x. 


Reduced approximately one-fourth in reproduction. 


oriented differently is smooth, with 
particles of manganese producing 
shadows. The grain boundaries of 
Fig 7 and 8 show the impurities, 
and the average width of the grain 
boundaries is about 0.5 microns. 


GOOD IRON 


Fig 9, 10, and 11 show the grain 
boundaries as narrow areas in com- 
parison to the brittle ingot iron. The 
width of the grain boundaries is about 
0.08 microns. However, in Fig 12 the 
grain boundary is wide and contains 
some impurities. Due to the printing 
process, the details within the grain 
boundary are missing. 


CURED IRON 


Fig 13 and 14 show the condition of 
the grain boundaries after the hydro- 
gen anneal. The most noticeable fact 
is that the impurities have been com- 
pletely removed. The grain boundaries 
show the grains meeting each other 
very tightly. The white grain boundary 
effect seen in Fig 13 and 14 is due also 
to the printing process which prohibits 
the fine details from being reproduced. 

Fig 5 and 13 show the striking com- 
parison of the grain boundary condi- 
tions of the brittle and the annealed 
ingot iron specimens. 


Conelusions 


From the electron microscope exami- 
nation of the various pieces of ingot 
iron which were brittle, good, and 
cured, it is evident that the cause of 
the embrittlement may be due to the 
segregation of impurities at the grain 
boundaries. This embrittling material 
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FIG 13—Ingot iron cured. Mag. 18,500 X. 


Reduced approximately one-fourth in reproduction. 


FIG 14—Ingot iron cured. Mag. 18,500 X. 


Reduced approximately one-fourth in reproduction. 


is probably in the form of various 
oxides. 

In the brittle state, the grain bound- 
aries have been broadened by the im- 
purities which have segregated at the 
grain boundaries. From observation of 
all the plates, it has been concluded 
that the metal as a whole becomes 
brittle if the width of the grain bound- 
aries is 0.4 microns or greater. The 
grain boundaries of the brittle ingot 
iron fall in such a range. 

The good piece of ingot iron has an 
appreciable amount of impurities at its 
boundaries, but the distribution is such 
that the grain boundaries are not ex- 
cessively large. The grain boundaries 
average from about 0.08 microns to 
0.2 microns. It is believed that with 
an additional oxidizing period the good 
ingot iron would have gathered more 
impurities at the boundaries and be- 
come brittle. 

The hydrogen anneal has caused the 
grain boundaries to give up the im- 


purities and the bond between grains 
reestablished itself. There were no evi- 
dences of impurities within the grain 
boundaries of the cured iron. The fer- 
rite grains were a great deal smoother 
and contained less inclusions than were 
found in the brittle and good ingot iron. 

The electron microscope has proven 
that an actual study of the grain bound- 
ary size in various metals can shed light 
onmany problems against which metal- 
lurgists have come. In the study of this 
problem, the electron microscope has 
shown that the grain boundaries may 


hold the answers to many properties of 


polycrystalline metal. 
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Transformation of Gamma to 
Alpha Manganese 
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For a number of years, it has been 
known that manganese made by elec- 
tro-deposition under certain conditions 
is ductile while under other conditions 
it is very brittle. The ductile metal is 
gamma manganese normally stable 
only between 1100 and 1138°C!; the 
brittle metal is alpha manganese, 
stable up to 727°C. The ductile metal 
is not stable, but gradually changes to 
the brittle form; the time required to 
complete the transformation is about 
20 days at room temperature. Other 
observations have indicated that the 
transformation is completed in 10 to 
15 min. at about 125°C, while at 
—10°C,-no appreciable change occurs 
in 9 months. 

The properties of gamma and alpha 
manganese in the pure state are ordi- 
narily difficult to determine because 
‘the gamma structure cannot be re- 
tained by normal quenching procedures 
and alpha manganese is so brittle, it 
is difficult to obtain specimens free 
from flaws. In a recent investigation? 
some properties of gamma and alpha 
manganese were determined by study- 
ing the ductile electrolytic metal and 
determining the changes in its prop- 
erties as it transformed to the brittle 
alpha form. These investigations pro- 
vided an excellent opportunity for 
following the progress of the transition 
and studying its mechanism. The re- 
sults of a series of such investigations 
are reported in this paper. 


Procedure 


Various properties of manganese 
were determined starting with the 
metal in the original ductile gamma 
form and following the subsequent 
changes in its properties as the metal 
transformed to the brittle alpha form. 
These observations were made at 
various temperatures, the data pro- 
viding information regarding the mech- 
anism of the transformation as well as 
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the effect of temperature on the tran- 
sition rate. Structure and resistivity 
values gave the most significant results, 
so this paper is concerned primarily 
with them. 

The structure was studied micro- 
scopically as well as by X ray diffrac- 
tion. The resistivity was determined 
on strips of the metal by measuring 
the potential drop across a given length 
of the specimen. Current was passed 
through the specimen by wires soldered 
to its ends, and the potential con- 
nections were made by wires looped 
around the specimen near its center. 
The current was determined by the 
potential drop across a standard re- 
sistor connected in series with the 
specimen, the potential drop being 
measured on a potentiometer. 

In the temperature range from room 
temperature to 100°C an ordinary 
drying oven was used to heat the speci- 
men. This was entirely satisfactory 
except at 100°C, where the time re- 
quired to heat the specimen was long 
compared to the transition time, 
making the initial section of the 
resistivity curve unsatisfactory. To 
overcome this limitation, at 100°C and 
higher a thermostatically controlled 
oil bath was used to heat the speci- 
mens. The block on which the specimen 
was mounted was plunged into the 
hot oil at the start of each test. The 
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heating time was thereby reduced from 
5 min. to about 6 sec, and dependable 
resistivity values could be obtained 
through 160°C. At this point the whole 
transition, including the warm-up time 
for the specimen, required only about 
20 sec and it was not considered worth 
while trying to extend the temperature 
range further. 

Aside from the heating problem, the 
problem of making a sufficient number 
of accurate resistivity determinations 
became more and more difficult as 
the temperature was raised. Using 
the manually operated potentiometer, 
100°C was about as far as it was pos- 
sible to go. At this temperature and 
above, a self-balancing photoelectric 
recording potentiometer was used. Its 
response was quite rapid, and it proved 
to be entirely satisfactory all the way 
through 160°C, where the tests were 
stopped because of the specimen heat- 
ing problem rather than any limitation 
of the potentiometer recorder. 

The metal used in these tests was 
prepared at the Salt Lake City labora- 
tory of the Bureau of Mines. The 
method of preparation is discussed in a 
paper by Schlain and Prater.’ The 
sheets were about 23¢ by 537, in. and 
varied from 10 to 16 mils in thick- 
ness. They could be cut readily into 
pieces suitable for the various tests. 
X ray and microstructure determina- 
tions were made on pieces about 1 
to 14 in. wide and about 1 in. long, 
while resistivity measurements were 
made on strips as long as possible and 
about 14 in. wide. The thickness of 
each sheet was not uniform over all its 
surface. This had no bearing on 
the X ray and microstructure deter- 
minations, but sections as_ nearly 
uniform and free from flaws as pos- 
sible were chosen for the resistivity 
determinations. 

The gamma manganese was electro- 
deposited at 30°C, the time of depo- 
sition ranging from 5 to 12 hr for each 
sheet. Whenever possible, the tests 
were started directly after the metal 
was stripped from the cathode; other- 
wise the sheet was placed immediately 
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in an electric refrigerator and stored 
at about —10°C until needed. In no 
case was there any appreciable differ- 
ence in the behavior of the fresh and 
stored metal. 


Results 


X RAY AND MICROSTRUCTURES 


Microscopic examinations of the 
specimens were unsatisfactory. In no 
case could the individual grains be 
identified or the different phases be 
distinguished. The grains are appar- 
ently too small to be studied by this 
method. The X ray diffraction patterns 
gave good results, however. In each 
case the pattern changed from that for 
gamma manganese to that for alpha 
manganese, the relative intensities of 
the two patterns changing as the 
transition progressed. No attempt was 
made to determine quantitatively the 
relative amounts of the two phases. It 
is significant, however, that no beta 
manganese was found at any time. 
Since this is the intermediate phase 
between alpha and gamma manganese, 
it might be expected that the beta 
phase would be an intermediate step 
in the transformation. Either this is 
not the case and gamma manganese 
transforms directly to alpha man- 
ganese, or any beta manganese formed 
transforms so rapidly to alpha man- 
ganese that the amount of beta 
manganese present at any time is very 
small. 


Resistivity 


Resistivity measurements were made 
during the progress of the transforma- 
tion from gamma to alpha manganese 
at temperatures ranging from 20 to 
160°C. The results are given in Tables 
1 to 11. Examination of these data 
shows the change in resistivity to be 
slow at first, increasing as the transi- 
tion progresses and again slowing as 
the transition nears completion. This 
is shown clearly in Fig 1, which shows 
the variation of resistivity with time 
at 25°C. This S-shaped curve is 
typical of all the resistivity data as well 
as the hardness and density data and is 
apparently characteristic of this type 
of transition. The effect of temperature 
on the transition rate is shown in 
Table 12, where the time required for 
the transition to be about half com- 
pleted is given for various tempera- 
tures. The time ranges from 455 hr at 
20°C to about 8 sec at 160°C, decreas- 
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FIG 1—Variation of resistivity with time at 
2536: 


ing by a factor of about 2 for each 
10°C rise in temperature. 


Transformation Theory 


Data such as those given in Tables 1 
to 11 provide an excellent means for 
studying the transition of gamma man- 
ganese and determining the transition- 
rate constants, but before this can 
be done it is necessary to develop a 
theory for the mechanism of the 
transformation which will satisfactorily 
explain the observed behavior. Let us 
assume that the resistivity at any 
time is given by the expression 

R=aR,+ yR, [1] 
where R is the measured resistivity, 
R, and R, are the resistivities of alpha 
and gamma manganese, respectively, 
and @ and y are the fractions of alpha 
and gamma manganese present at any 
time. It is assumed, based on X ray 
observations, that no beta manganese 
is present. Then, since a + y = 1, the 
amount of alpha and gamma present 
at any time is given by the relations: 


a= eres [2] 
Ra — Ry, 
and 
R.—R 
= ——_ 3 
erage R, [3] 
From Eq 2 and 3 we see that 
de 1 dR 
e=——l 
dt R,.—R, dt 
and 
as —i dR 


a ee, ee 5 
Ebel ae U5] 


or that the rate of change of the 
amounts of alpha and gamma man- 
ganese with respect to time is directly 
proportional to the rate of change of 
resistivity. Thus, with only a change 
in vertical scale, resistivity curves 
such as Fig 1 also represent the vari- 
ation of the amount of alpha and 
gamma manganese with respect to 
time. 

From Fig 1, based on the above 
discussion, we see that the rate of 


Table 1. . . Variation of Resistivity 
with Time at 20°C 


Time, Resistivity, Time, Resistivity, 
Hr 10-6 ohm-cm Hr 10-§ ohm-cm 
0 44.9 474.3 144.3 
26 45.0 505 159.7 
44.5 45.4 522.8 166.6 
45).8 46.0 545.8 174.1 
138.5 47.0 569.8 181.9 
163 48.2 597 188.0 
209.5 51.5 618 192.6 
239 54.8 642 198.2 
260 58.3 666.8 202.1 
282 63.6 690.3 204.6 
306 71.8 713.8 206.2 
330 79.2 139.5 207.7 
350,08 87.3 767.8 209.6 
379.3 93.5 786.5 210.5 
403.5 103.5 815.5 211.9 
427.8 114.4 858 21255 
451.3 126.09 979.5 213.8 
Table 2... . Variation of Resistivity 
: F ° 
with Time at 25°C 
Time, Resistivity. Time, Resistivity, 
Hr 10-6 ohm-cm Hr 10-6 ohm-cm 
0 42.8 240 119.3 
16.8 43.1 256.5 137.4 
23.8 42.4 263.3 144.1 
40.5 42.5 304.5 176.5 
47.5 43.0 312.3 179.4 
64.3 43.1 332 183.9 
GAD 42.5 336 184.2 
88.3 42.8 353 186.3 
95:5 44.6 Bee 7 186.8 
136.3 49.1 376.3 187.5 
144.0 50.3 400 189.0 
160.5 53.9 408.3 188.6 
167.3 56.2 424 187.8 
184 63.7 431.8 188.8 
192 68.7 472.3 189.5 
208.3 83.4 480 189.2 
216 92.0 496.3 189.8 
232 109.3 


Table 3... . Variation of Resistivity 
with Time at 40°C 


Time Resistivity, Time, Resistivity, 
Hr 10-6 ohm-cm Hr 10-6 ohm-cm 
0 44.4 46.67 106.5 
0.17 44.6 48.0 112.6 
0.67 45 49.5 118.8 
1.67 44.1 51 126.1 
3.0 45.5 52.5 132.7 
5.0 45.5 54 140.3 
7.0 45.8 55 145.6 
9.0 46.1 56 151.0 

11.0 45.8 59.16 166.5 

13.0 46.6 65 192.6 

15.0 47.7 66.5 198.2 

16.0 47.7 69 206.0 

19.0 49.0 71 PAS ee | 

23.0 52.3 18) 214.8 

25.0 54.2 75 217.8 

27.0 55.9 78 220.5 

30.0 60.4 80 221.8 

34.0 67.1 91 224.3 

36.0 72.4 94.5 224.7 

38.0 76.9 99.0 224.9 

43.0 92.3 115 225.4 

44.75 98.9 


formation of alpha manganese is slow 
at first, gradually increasing to a 
maximum near the point where half 
of the gamma manganese has trans- 
formed and again decreasing as the 
amount of untransformed gamma man- 
ganese decreases toward zero. The slow 
rate of formation of alpha manganese 
at the start, accelerating as the transi- 
tion progresses, can be explained as fol- 
lows: In its initial state the metal con- 
sists of atoms arranged in the form of a 
face-centered tetragonal structure char- 
acteristic of gamma manganese, each 
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unit cell consisting of 4 atoms. Alpha 
manganese, however, has a body- 
centered cubic structure consisting of 
398 atoms to the unit cell. Before the 
transition can start, it is necessary 
that enough atoms arrange themselves 
in the form characteristic of alpha 
manganese, so that a particle of alpha 
Manganese can form. This will occur 
as a result of the random motion of the 
atoms in the metal, the probability of 
enough atoms becoming arranged in 
the proper grouping being less for 
alpha manganese, however, than it 
would be for a more simple structure. 
Alpha manganese has a higher den- 
sity than gamma manganese, so once 
a particle of alpha manganese has 
formed, it will try to occupy a smaller 
volume than the original gamma man- 
ganese, and owing to interatomic 
forces, the alpha manganese particle 
and the surrounding gamma man- 
ganese will be under stress. Alpha 
manganese is the lower energy form, 
but particles of alpha manganese below 
a critical size will be unstable and re- 
convert to gamma manganese. Par- 
ticles large enough for the decrease in 
volume energy to exceed the increase 
in surface and strain energy will be 
stable however, and form nuclei about 
which more alpha manganese can form. 
The rate of formation of alpha man- 
ganese about any nucleus will depend 
on the size of the nucleus and will in- 
crease as the particle grows, new alpha 
manganese being formed at an acceler- 
ating rate around each nucleus. New 
particles of alpha manganese will also 
be forming throughout the body of 
the metal, and each of these will grow, 
the rate of formation of alpha man- 
ganese accelerating as the transforma- 
tion progresses. 

The acceleration in growth of an 
individual particle will continue only 
so long as the alpha manganese particle 
is completely surrounded by gamma 
manganese. Ultimately a point will 
be reached where two or more alpha 
manganese particles will touch each 
other. Their active surface is then de- 
creased and the acceleration in growth 
is less. This will occur at more and 
more points in the specimen as the 
transition progresses, until a point is 
reached where the rate of formation of 
alpha manganese is a maximum and 
must then decrease, necessarily becom- 
ing zero when there is no more gamma 
manganese. Thus, curves of the gen- 
eral shape shown in Fig 1 can be ex- 
plained on the basis of the variation 
with time of the interface between two 
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FIG 2—Log(R — Ry)/(Ra — R)vs. time at 
140°C. 


phases, the interface necessarily being 
zero at the beginning and end of the 
transition and a maximum somewhere 
in between. 

When the particles of alpha man- 
ganese are completely surrounded by 
gamma manganese, the rate of forma- 
tion of the alpha manganese will be 
proportional to the volume of the 
gamma manganese under stress. This 
volume will be the product of the inter- 
face area times an effective depth of 
penetration of the stress into the sur- 
rounding gamma manganese. It is 
reasonable to suppose that this depth 
of penetration will be proportional to 
the size of the alpha-manganese par- 
ticle. Then, the effective volume 
of the gamma manganese under stress 
will be proportional to the volume 
of the alpha-manganese particle, or 


da 


— = K,a. This expression is incom- 
dt 


plete, however, as it does not provide 
ich da 
for a decrease in a as the alpha- 


manganese particles grow together and 
the interface area decreases. This 
factor cannot be accounted for in an 
exact manner, but the desired effect 
can be obtained by multiplying by 
gamma, as in the following equation: 


ey, [6] 


Table 4... . Variation of Resistivity 
with Time at 58°C 


SE SS eee 
| ! 


Time, | Resistivity, | Time, | Resistivity, 
Min. 10-6 ohm-cm Min. 107§ ohm-cm 
10 44.1 502 93.9 
25 45.5 517 |} 99.1 
40 46.3 532 103.0 
55 46.5 562 116.2 
77 46.2 592 | 129.2 
100 47.0 624 | 144.9 
115 47.0 657 159.5 
130 46.7 izes | 189.5 
170 48.0 779 202.7 
240 50.3 804 205.8 
290 | 53.9 826 207.7 
325 | 57.0 } 854 209.8 
345 | 59.4 | 889 210.6 
374 | 62.7 } 914 | 211.1 
423 12 950 211.6 
445 76.9 1002 212.0 
475 84.5 1198 212.6 
487 88.1 ! 1306 212.9 


Table 5 . . . Variation of Resistivity 
with Time at 80°C 


| | 


Resistivity, | 


Time, Time, Resistivity, 
Min. 10-§ ohm-cm Min. 10 ohm-cm 
| 

0 37.3 7 93.2 

2 40.0 80 99.2 

4 40.9 82 106.2 

6 41.6 84 113.2 
10 42.8 86 121.2 
15 43.5 88 131.0 
19 43.9 89 135.5 
27 44.8 91 145.4 
33 eee 45-7 pra (ey Gailey 
39 47.5 93 | 154.9 
43 49.1 94} 157.9 
48 52.1 96 | 161.7 
She 55.3 98 | 165.9 
55 58.1 100 | 169.7 
59 61.8 102 | 173.5 
65 69.7 105 } 178.6 
67 ie} 107 j 180.4 
7 by ae | 109 182.1 
72 80.8 112 183.2 
74 84.5 | 117 184.5 
76 88.9 123 185.2 

i 


Table 6... Variation of Resistivity 
with Time at 100°C 


Time, Resistivity, Time, Resistivity, 
Min. 10-§ ohm-cm Min. 10-§ ohm-cm 
0 56.6 13 91.4 
1 56.7 14 105.5 
2 56.8 15 119.2 
3 57.5 16 134.1 
4 57.8 7 146.8 
5 58.5 18 158.6 
6 59.5 19 167.3 
ff 61.1 20 173.3 
8 63.7 21 176.9 
9 65.3 22 178.8 
10 69.3 23 180.2 
ll CEES: Zane 180.6 
$2 co | 82-9 

' ' u 
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FIG 3—Log(R — 


Ry)/(Ra — R) vs. time at 115°C. 
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Table 7 . . . Variation of Resistivity 
with Time at 115°C 


Time, Resistivity, Time, Resistivity, 
Sec. 10-6 ohm-cm Sec. 10-6 ohm-cm 
0 64.3 240 125-2 
15 64.9 255 135.9 
30 65.0 270 152.0 
45 65.5 285 162.8 
60 66.6 300 171.2 

75 67.1 310 175.3 
90 67.7 320 178.9 
105 68.8 330 181.4 
120 69.9 340 183.5 
135 73.6 350 184.9 
150 76.3 360 185.9 
165 80.1 370 186.7 
180 85.5 380 187.3 
195 92.0 390 188.5 
210 100.5 400 189.0 
225 110.7 410 189.2 


Table 8 . . . Variation of Resistivity 
with Time at 130°C 


Time, Resistivity, Time Resistivity, 
Sec. 10-6 ohm-cm Sec. 10-6 ohm-cm 
0 67.6 75 120.4 
6 68.3 78 128.5 
12 68.6 81 136.9 
18 69.1 84 147.3 
24 69.7 87 155-9 
30 LOG 90 162.6 
33 TES) 93 167.8 
36 Waal 96 172.1 
39 73.9 99 174.8 
42 75.2 102 WTS 
45 76.0 105 179.0 
48 RCS6 108 180.5 
51 ORG 111 181.4 
54 82.0 114 182.1 
57 84.7 a7 132.7 
60 89.2 120 183.0 
63 93.9 123 183.4 
66 98.6 126 184.0 
69 105.4 129 184.1 

72 112.3 


Table 9 . . . Variation of Resistivity 
with Time at 140°C 


Time, Resistivity, Time Resistivity, 

Sec. 10-6 ohm-cm Sec. 10-6 ohm-cm 
0 74.8 32 LOS sc 
2 75.4 34 113.9 
4 Tat 36 12ies 
6 75.8 38 143.2 
8 76.3 40 158.7 
10 76.5 42 170.4 
12 77.0 44 i Werder é 
14 10.5, 46 181.4 
16 78.1 48 184.7 
18 79.3 50 185.8 
20 80.6 52 186.2 
22 82.3 54 186.8 
24 83.9 56 187.1 
26 86.5 58 187.5 
28 OFT 60 187.7 
30 96.0 62 187.9 


Thus, in the early stages of the tran- 
sition, when gamma is nearly 1, Eq 6 


da 
says that Aa K,a as was reasoned 
above. However, as alpha increases, 
da . 
gamma decreases, and a increases 


until alpha equals gamma or the tran- 
sition is half complete. After this the 


: da 
decrease in gamma causes a to de- 


crease, approaching zero as the transi- 
tion nears completion. Introducing 
gamma into the equation may not be 
strictly correct, but it does have the 
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desired effects of reducing the rate of 
formation of alpha manganese as the 
particles grow and their surfaces meet 
and of reducing the rate to zero at 
the end of the transformation. 
From Eq 6 by integration we get 
a 


Ln —— = Cee KititC 
Vf 


l—a 
and from Eq 2 and 3 
R—R, 


Qa 


Ln = Kit + OF [7] 


This equation indicates that, if the 
above theory is correct, values of 
R— R, 
Ra — R 
should follow a straight line. Using 
values of R from Tables 1 to 11, 


In when plotted against ¢ 


= 
— were calculated 


a 


values of log 


and plotted against time. Logarithms 
to the base 10 were used instead of 
natural logarithms for convenience. 
Typical curves are shown in Fig 2 and 
3. In every case, by proper choice of 
R, and R,, curves such as Fig 2 can 
be obtained and represented by a 
straight line if the deviations shown 
are not considered serious or signifi- 
cant. On the other hand, curves such 
as shown in Fig 3 can also be obtained 
in which the upper portion of the 
curve fits a straight line very well, 
whereas the lower portion deviates 
more and more toward zero time. Con- 
sidering the accuracy with which the 
resistivities can be determined and the 
closeness to which the points fit a 
smooth curve, curves such as Fig 2 were 
not considered satisfactory fits and 
an attempt was made to modify Eq 6 
so as to obtain a fit throughout the 
whole transition comparable in that 
shown in Fig 3 for the upper part of 
the curve. 

From Fig 3, it can be seen that the 


slope of the actual curve, log dea 
R.—R 
versus time, is less during the first 
half of the transformation than that 
of the straight line determined by the 
upper half of the curve. The deviation 


a 
Rz—R 
from a projected straight line fitting 
the upper half of the curve is very 


of the actual values of log 


nearly proportional to ES There- 


a 


fore, by subtracting a term Ke from 
a 


Table 10... Variation of Resis- 
tivity with Time at 150°C 


Time, Resistivity, Time Resistivity, 

Sec. 10-6 ohm-cm Sec. 10-6 ohm-cm 
0 (SCORE 19 127.6 
4 78.3 20 141.6 
74 79.0 2] 153.1 
9 80.4 22 161.1 
10 81.2 23 167.2 
1l 82.5 24 17225 
12 83.8 25 176.1 
1S 85.8 26 178.2 
14 88.5 PACE 179.4 
15 91.9 28 180.1 
16 96.0 29 180.8 
ily; 103.4 32 181.0 
18 114.1 34 181.6 


Table 11... . Variation of Resis- 
tivity with Time at 160°C 


Time, Resistivity, Time, Resistivity, 
Sec. 10-6 ohm-cm Sec. 10-6 ohm-cm 
0 83.2 a 111.9 
1 84.5 8 144.3 
2 85.1 9 176.8 
3 86.9 10 187.4 
4 88.2 11 188.3 
5 91.9 12 188.9 
6 97.0 13 189.6 
ae ar : 
log ———~, it should be possible to 


obtain points following a straight line 
throughout the whole transition. Eq 7 
thus becomes 


Line eee 
¥ a 
or 
in Be 2 pe Be Rs 
Fiy ar Riek, 
=kKkit+ € [3] 


The data shown in Fig 2 were recalcu- 
lated on this basis and are shown in 
Fig 4. It can be seen that, by proper 
choice of Ry, Ry, and K», the data fit 
a straight line very well from prac- 
tically zero time to completion of the 
transition. The deviation at zero time 
cannot be considered serious, as it is 
uncertain just when the specimen has 
become uniformly heated, and readings 
before this are unreliable. 

Eq 8 seems to be a satisfactory repre- 
sentation of the experimental data, 
and from it, by differentiation, we get 
the relation, 


da a 
WING MS ae ar 
dt ni a + Koy 91 


Comparing this equation with Eq 6, 


we see that a new factor, has 
a+ Koy 


been introduced. When alpha is small 
compared to Kyy this factor equals a 


2 
and approaches zero as alpha ap- 
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Table 12 . . . Time Required for the 
Transition to be Half Completed 


‘Tomipera- | Tempera- 
ture, °C Time | ture, °C Time 
cal 
r | S 
20 455 115 240, 
25 238 130 ee 
40 53 140 36.5 
Min | 150 | 19.3 
58 | 590 160 | tag | 
20 l= 83. | 
100 153; 3 


Table 13... Values of Constants 


in Eq 8 for Various Temperatures 


Temp. see Se 1 
°G TO- | micro- | kK. | (based on time 
ohm- | ohm- | in min.) 
cm cm | 
20 | 241.1 | 43.8 | 0 0. 0001962 
25 | 189.8 | 42.6 | 0 |  0.0005475 
40 0.34 | 0.002843 
58 | 212.6 | 37.5 | 0.123] 0.01543 
80 | 185.8 | 33.3 | 0.220 | 0.1481 
100 | 182.3 | 52.4 | 0.0501] 0.5305 
115 | 190 | 62 0.0279} 1.832 
130 | 184.2 | 66 0.0317) 6.368 
140 | 187.6 | 73.1 | 0.0582] 17.77 
150 | 181.6 | 76.37 | 0.0252] 28.55 
160 | 190 | 83 0.0767| 101.8 
{ 
; da 
proaches zero, making 77 smaller 


during this part of the transition. The 


factor — increases as alpha in- 
a+ Ksy 

creases, becoming 14 when alpha 
equals Ksy, and is equal to 1 when 
alpha is large compared to Kzy. In the 
latter case Eq 9 is equivalent to 
Eq 6, and represents the upper part 
of the curve in Fig 3. This equation 
was obtained empirically and has no 
obvious physical interpretation. Its 
exact form cannot be considered too 
significant. A number of equations 
could be obtained which might repre- 
sent the experimental data as well. One 
of these is 


“ =Keyl—e *7%) {10 


a 


In this case, the factor (1 — e 7) 
is equal to = as alpha approaches zero, 
2 


increases to 0.632 when a = K. Ys and 
becomes 1 when a is large compared 
~ to Kyy. This is almost exactly the way 


in Eq 9 varies with 
27 
alpha. Again, however, this factor 
has no obvious physical significance, 
and in addition Eq 10 cannot readily 
be integrated and the constants cannot 
readily be evaluated from the experi- 
mental data. The important thing to 
be noted is not the exact form of the 
modifying factor but rather the manner 


the factor 
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1@) 10 20 


30 


40 50 60 70 


TIME, SECONDS 


G4 los (h SRE) — K, 22% 
R—R 


Y 
vs. time at 
5 


140°C. 


in which it affects the value of “ as 


alpha varies. 

The physical nature of the factors 
retarding the transformation in the 
initial stages is not known. It is prob- 
ably due to the greater tendency for 
small alpha~-manganese particles to re- 
vert to gamma manganese than for the 
larger ones. This would slow the net 
formation rate of alpha manganese at 
first. Formation of beta manganese 
might also be a factor, but it is hard 
to see how this could have a great 
effect, since more than a few percent 
of beta manganese could hardly be 
present without being detected and 
such small amounts could hardly affect 
the transition appreciably. 

The transformation theory presented 
above is necessarily greatly simplified 
in order to facilitate mathematical 
treatment, and a number of factors 
influencing transformations in metals 
have not been considered. It is to be 
noted, however, that this simple theory 
fits the observed experimental data 
very well for the latter half of the 
transition and with a relatively simple 
modification can be made to fit 
throughout the whole transition. The 
data in Tables 1 through 11 are in- 
cluded for the benefit of those who 
might wish to reinterpret the data. 


Transition Rates 


Based on Eq 8, values of log 
R—R, KAR. — R, 
R.—R (R — R,) 

were plotted against ¢ as in Fig 4 for 
all the data in Tables 1 to 11, inclusive, 
values of R,, R,, and K»2 being chosen 
to give the best straight line. This is 
not difficult, since the best values of 
R,, and R, can be obtained very closely 


from the original data and R, is not 
influenced at all by A». R, and K» are 
somewhat interdependent but not 
seriously so, since R, can be approxi- 
mated very closely from the original 
resistivity data. The values R., R,, 
K,, and K, thus obtained are given in 
Table 13. 

The values of R, and R, are quite 
interesting. With only two exceptions, 
the values of R, fall between 180 and 
190 micro-ohm-cm. R, varies consider- 
ably but the values up to 58°C indicate 
an average value of 44 micro-ohm-cm. 
The variation of R, with temperature 
is small, indicating a low temperature 
coefficient, while the variation of Ry, 
with temperature indicates a high tem- 
perature coefficient in the order of 
60 to 80 X 10-4. Obviously these values 
are not accurate but they compare very 
well with observations reported in 
another paper.’ 

To see how the transition rate con- 
stants (K, in Table 13) vary with tem- 
perature, these data were treated ac- 
cording to the equation 


T AF: 
Ke ‘ e RT [11] 
given by Glasstone, Laidler, and 


Eyring’, where K» is the specific re- 
action-rate constant, T is the absolute 
temperature, AF t is the free energy of 
activation, and R, K, and h are con- 
stants. From this relation, 

Ky k il 


o— = Log — — —— — = 
oe T 08 7 2.3096. FbeT: 


Values of Log (#) were calculated 


1 
and plotted against we These values 


are shown in Fig 5. The points follow 
rather closely to a straight line, the 
greatest deviation being shown by the 
160°C point. Considering the rapidity 
of the transition at this temperature 
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tos “Y_ 


i 


and the time required to heat the 
specimen, this value may be consider- 
ably in error and its deviation is not 
necessarily significant. As a whole, the 
points fit a straight line satisfactorily, 
and from the slope of this line the free 
energy of activation was calculated to 
be 21,200 cal per mol. 


Summary and Conclusions 


The change in structure and resis- 
tivity of electrolytic manganese as it 
transformed from ductile gamma to 
brittle alpha manganese was deter- 
mined. The values were found to follow 
a typical S curve when plotted against 
time. The rate of change was small at 
first, increased to a maximum as the 
transition was about one-half complete, 
and ‘then decreased as the transition 
neared completion. 

Resistivity determinations proved to 
be the most satisfactory way to follow 
the transition, and studies were made 
at temperatures from 20 to 160°C. It 
was found that the transformation 
curve during the latter half of the 
transformation could be represented by 


240 250 260 270 


—_1— 
280. 290 300 310 320 330 
% x 1075 


FIG 5—Log (R;/T) vs. 1/T. 


an equation based on the theory that 
the rate of formation of alpha manga- 
nese was determined by the amount of 
interface between the alphaand gamma 
manganese or 


The observed rate of formation of alpha 
manganese at the beginning of the 
transition was smaller than this theory 
predicted, however, and a modification 
of this equation 
ee ee 

dt a+ Koy 

was found to represent the data quite 
well throughout the whole transition. 
The physical significance of this addi- 
tional factor is not obvious. Apparently 
there are some factors operating in the 
initial stages of the transformation 
which retard the formation of alpha 
manganese but become less active as 
the amount of alpha manganese in- 
creases and are negligible during the 
latter half of the transition. This effect 
probably arises from a tendency on the 
part of the alpha manganese to revert 
to gamma manganese when the alpha- 


CORRECTION MAY ISSUE 


340 350 


manganese particles are small, this 
tendency becoming less and less as the 
alpha-manganese particles grow in size. 
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Liquid Solubility of Manganese in 
a Magnesium-aluminum-tin Alloy 
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B. J NELSON,* Junior Member, and G. F. SAGER,* Associate Member AIME 


Magnesium alloy forgings offer higher 
and more uniform mechanical proper- 
ties than heat treated magnesium alloy 
castings and are used principally for 
light weight parts that may be stressed 
in fatigue or subject to impact loads, 
or where space limitations do not per- 
mit the use of the necessarily bulkier 
magnesium alloy castings. 


Compositions and Proper- 
ties of Magnesium Forging 
Alloys 


The nominal compositions and prop- 
erties of the principal commercial mag- 
nesium forging alloys are given in 
Table 1. 

The two that are most commonly used 
are AMC58S and AM65S. The former 
has the highest strength and is, there- 
fore, employed for heavy duty applica- 
tions. However, the forging of this alloy 
and of AMC57S ordinarily requires the 
use of slow speed hydraulic presses. 

The forging alloy AM65S combines 
good, although somewhat lower, me- 
chanical properties with excellent forg- 
ing characteristics. This alloy can be 
forged on hammers, upsetters, rolls, 
and mechanical presses, as well as on 
hydraulic presses. These characteristics 
make it particularly useful-for many 
applications. 


Manganese Segregation in 
AM65S8 


The alloy AM65S contains 5 pct tin, 
314 pct aluminum, and a small amount 
of manganese, the manganese being 
added to insure satisfactory resistance 
to corrosion. Some manganese segre- 
gation was occasionally encountered in 
this alloy. In many applications, such 
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Table 1. . . Magnesium Forging Alloys 


ine BG ha Nominal Composition (Pct) Typical Properties 
Alloy Alloy 
Al Zn Sn Mn T.S. psi Y.S.* psi | Elong. Pct 
in 2 in. 
AMC578+ AZ61X 6.5 uf 0.2 42000 26000 10 
AMC58S+ AZ80X 8.5 0.5 0.2 45000 30000 7 
AMC58S-T5t AZ80X 8.5 0.5 0.2 50000 34000 6 
AM65S TAS4 3.5 5 0.2t 40000 28000 12 


* Yield strength is the stress at which the material exhibits a permanent set of 0.2 pct. 


+ Wrought alloys with the letter “C”’ 


in their designation are of controlled high purity, iron and 


nickel being held to less than 0.005 pct each. The same nominal compositions without guaranteed iron 
and nickel limits but with identical mechanical properties are available as AM57S, AM58S and AM588- 
T5. The “‘-T5”’ temper is obtained by artificial aging after forging. 

} When this investigation was started, the nominal manganese content of AM65S was 0.5 pct. 


segregation is of no particular conse- 
quence, but when forgings are acid 
dipped prior to the application of 
various chemical coatings, the segre- 
gated particles of manganese con- 
stituent may stand in relief. The 
resultant surface roughening may im- 
pair appearance and is undesirable in 
forgings employed in the textile indus- 
try, where very smooth surfaces are 
essential to avoid the catching and 
breaking of fine threads. An effort was 
therefore made to determine the cause 
of manganese segregation in this alloy 
and find a method for its elimination. 

Radiographic examination of a series 
of cast ingot sections and extruded 
samples of the AM65S type having 
manganese contents ranging from zero 
to about 0.7 pct revealed no appreciable 
manganese segregation when the man- 
ganese was less than about 0.4 pct. A 


Cleveland Meeting, October 1949. 

TP 2602 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
Manuscript received October 29, 1948. 

* Aluminum Research Laboratories, 
Aluminum Co. of America, New 


Kensington, Pa. 

+ Except for the variations in man- 
ganese content, this alloy corresponds 
to the American Magnesium Cor- 
poration Alloy AM65S or A.S.T.M. 
alloy TA54. 


small amount was observed witha 
manganese content of 0.46 pct and 
considerable with manganese contents 
of 0.6 pct or higher. 

Attempts to eliminate the manganese 
segregation by variations in the melting 
and casting conditions were unsuccess- 
ful and it soon became apparent that 
the trouble was attributable to the fact 
that the manganese contents that 
caused segregation were in excess of 
the amounts that would remain in 
solution at temperatures encountered 
in the melting and/or casting opera- 
tions prior to the complete solidification 
of the ingots. 

A knowledge of the amounts of man- 
ganese that would be soluble in molten 
alloys of the AM65S type at various 
temperatures was obviously desirable. 
The liquid solubilities of manganese in 
binary Mg-Mn alloys and in Mg-Al-Mn 
and Mg-Zn-Mn alloys have been deter- 
mined by Tiner and others,* but no 
data on the solubility of manganese in 
molten magnesium alloys containing 
tin and aluminum are given in the 
literature. For this reason, an investi- 
gation to determine the solubility of 
manganese in a magnesium alloy con- 
taining 5 pct tin and 3.5 pct aluminum 
(AM65S type) was undertaken. 


* Tiner: Trans. AIME (1945) 161, 351. 
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FIG 2—Solubility of manganese in molten AM65S. 
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FIG 1—Manganese contents of molten AM65S as a function of 


holding time. 


Liquid Solubility 
Determinations 


The settling procedure was selected 
as the most suitable method for deter- 
mining the solubility of manganese in 
alloys of the type under consideration. 
Briefly, this method involved saturat- 
ing the alloy with manganese at a 
temperature substantially above that 
at which the solubility was to be deter- 
mined, then cooling the melt to the 
latter temperature and holding it at 
that temperature for a _ substantial 
period of time. Samples for analysis 
were carefully ladled from the upper 
portion of the melt at hourly intervals 
during the aforementioned holding 
period. After the ladling of each sam- 
ple, the melt was stirred to redistribute 
some of the manganese that had al- 
ready settled, because it appeared that 
when the latter particles of manganese 
again settled, they aided in carrying 
down more of the manganese and thus 
hastened the attainment of equilibrium. 

The melts were prepared and held in 
a No. 8 Tercod crucible holding ap- 
proximately 4 lb of metal. The man- 
ganese was added either in the form of 
a prealloyed ingot (Dow M) containing 
about 1.5 pet manganese or by the use 
of a flux (Dow 250) containing man- 
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ganese chloride. In calculating the flux 
additions, it was assumed that the 
manganese introduced would be equal 
to 22 pct of the total weight of the flux. 
Temperatures were measured with an 
iron-constantan thermocouple enclosed 
in a seamless steel tube, the lower end 
of which was welded shut. This pro- 
tection tube also served as a stirring 
rod. The samples ladled from the upper 
portions of the melts at the various 
intervals were analyzed for tin, alumi- 
num, manganese, and iron. Table 3 
shows the complete analyses for man- 
ganese, tin, aluminum and iron, to- 
gether with the limiting solubilities of 
manganese used in drawing the solu- 
bility curve. 

These manganese contents are plot- 
ted as a function of the holding time 
in Fig 1. It will be noted that the curves 
become nearly horizontal when the 
longer holding periods are reached, 
indicating that the manganese contents 
are approaching the equilibrium values 
for the various holding temperatures. 

The solubility of manganese so deter- 
mined at various temperatures is plot- 
ted in Fig 2. In general, the points fall 
on a fairly smooth curve and indicate 
that the solubility of manganese in- 
creases from about 0.45 pet at 1200°F 
to approximately 1.32 pct at 1500°F. 


The value for the lowest temperature 
(1150°F) is somewhat lower than that 
which would be predicted from an 
extrapolation of the main portion of 
the curve to this temperature. One 
possible explanation of this deviation 
would be the existence of a “‘quater- 
nary peritectic” at a temperature 
between 1150 and 1200°F. 

Considerable difficulty was encoun- 
tered in obtaining consistent equi- 
librium values for the manganese 
solubility at temperatures near 1400°F. 
It was suspected that the trouble might 
be attributable to small variations in 
the aluminum contents of the alloys. 
In order to check this hypothesis, 
settling tests were conducted on alloys 
containing several slightly different 
amounts of aluminum. The results of 
these tests are shown in Fig 3. These 
results indicate that the solubility of 
manganese in alloys of the type under 
discussion decreases markedly and 
almost linearly with increasing alumi- 
num contents. 

While the above effect of aluminum 
on the solubility of manganese might 
be due merely to the decrease in the 
solubility of one element with increas- 
ing concentrations of a second solute, 
it was suspected that a compound 
containing both aluminum and man- 
ganese might be precipitating. This 
would, of course, result in a concen- 
tration of aluminum as well as man- 
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Table 2... Effect of Manganese Content on the Tensile Properties of 5 eee 
| 5 ro) 
AM65S Type Extruded and Forged Samples* |- SO 
om FWA AMNM ON 
: or ule | Sospeaneses Gsesen 
| | Extruded} Press Forged{ Hammer Forgedt ote | 
Sis 
= | SFONnSonas 
SNo.| Me Bon | ae | seecesss 
ie re B| esesesss 
aS teers ¥S.§ | El Pet} TS. | Y.S.§ | El. Pct | TiS. | Y.8.§ | EL. Pct Soococcs 
/ | psi psi In 2 in. psi psi In 2 in. psi psi In 2 in. = DAVSSAANW | 
we AOS Re Coe 
i= SSS eS eS i} 
88434 | 0.00 | 36700 | 26700 15.0 48200 | 37100 7.0 34800 | 16900 | 15.7 cf Soe asian pantie [ss 
88435 | 0.17 | 43500 | 33500 | 15.2 49400 | 42400 | 11.8 | 39400 | 26300 | 19.5 Se || ss eae 
88436 | 0.26 | 45100 | 36900 | 14.7 49100 | 42800 | 11.8 | 40300 | 27100 | 18.7 
88437 | 0.37 | 44900 | 33900] 14.0 | 48900 | 43300 8.8 | 40900 | 28200 | 17.8 DALBOAAE | 
88438 | 0.46 | 45300 | 32800 | 14.0 | 49500 | 43500] 11.5 | 39600 | 26600 | 16.8 2) a | eg | Ohaaaaad | 
88439 | 0.66 | 45200 | 31600 | 14.0 | 47800 | 37500 | 10.7 38700 | 25600 | 15.8 He slate ebeseded edad en ec 
S| SEs oi eecsease 
* All values are averages for 3 specimens. ; : , < a Bee SSSSSSSS 
{ Tests made on standard }4 in. diam A.S.T.M. tensile specimens machined from 34 in. diam rod. SSSSSSGRS 
¢ Specimens of the 34 in. diam rod were forged down to strips 34.5 in. thick. Standard A.S.T.M. c = Wanaka 
sheet-type tensile specimens were machined from these strips. Both surfaces of the specimens were 2 SS NSE SH OO rt 
machined to eliminate surface imperfections. — Saas 
$022 pet ser. = ORR 
* WSEAS oy st eves es 
ganese at the bottom of the melts. In It will be noted that the amounts of = A | wooewswww 
order to check this point, an AM65S aluminum, manganese, and iron in the e | aeegesis 
we. . s : & a Se || Seas ana 
melt containing 1.2 pct manganese bottom zone are substantially greater g o ag £9 69 09 69 69 67 69 69 
= ; = 7 ti S CANAAN 
was prepared in a tapered graphite than those in the main portion of the B | sae se | sz888822 
crucible. After heating to a tempera- melt. ¢ Sosceces 
ture of 1550°F, the melt was cooled > Some oo 
and held for 3 hr at a temperature of Ae ao Scenes 
i i i Sei | edi tae B39 
1350°F. In order to avoid complications Effect o vider hae on > > ee 
that might be introduced if iron dis- Tensile Properties and = weSeae sa 
< 5 Ope MEER rsh cccuwl pen sctraihe 
solved from the thermocouple protec- Resistance to Corrosion S| 8 Ay Rt 
5 ° Os 
tion tube, temperatures were measured ikeeoue, | S28sesss 
: $ Lee a m | Sossssse 
by a thermocouple wired to the out- It is obvious that manganese islikely oocsssos 
i he end of th ipi i = ESSELTE 
side of the crucible. At the end of the 4, precipitate and segregate in AM65S = ws BREEEEES 
three-hour holding period, the crucible melts if the manganese contents of s —— 
: 5 tan a % 
was removed from the furnace and these melts exceed the values indicated 8 Si 3 AURORE ae | 
cooled by a fine spray of water directed j, Fig 3 for temperatures correspond- Seueene 
on the bottom until freezing was com- ing to those involved in the melting 2 Hoe eal i Pepe ee 
& 5 . wen i) 
plete. Fig 4 shows the macrostructure anq casting of such melts. This < S28 eo | nesses | 
. *4° ee ms . . _ 
of a section of the solidified melt adjoin- naturally raises a question regarding 4 Sea oe 
ing the bottom of the crucible. The the possible effect on mechanical prop- © <q | S88SE8E | 
concentration of manganese constitu- erties and resistance to corrosion of  .& Z| ooocess 
i “ 7 MWWONOOCoON 
ent at the bottom is plainly evident. decreasing the manganese to a value 2 eau Penta 
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FIG 4—Macrostructure of section of solidified melt adjoining bottom of crucible. 
Original mag. 10 X. Etch 2 pct nital. 


reduced to approximately 0.2 pct with- 
out impairing tensile properties. How- 
ever, complete elimination of the man- 
ganese causes substantial reductions in 
the tensile and yield strengths. 

Accelerated and atmospheric cor- 
rosion tests conducted on extruded 
samples of AM65S type alloys having 
various manganese contents showed 
that the manganese content could be 
lowered to about 0.2 pct without im- 
pairing resistance to corrosion. How- 
ever, the complete elimination of the 
manganese impaired this characteristic 
to a significant extent. 


Conclusions 


1. The solubility of manganese in 
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molten AM65S alloy increases with 
temperature from a value of about 
0.45 pet at 1200°F to 1.32 pct at 
1500°F. 

2. The manganese solubility at a 
given temperature decreases markedly 
with increasing aluminum content. 

3. Manganese segregation in the 
alloy can be controlled by maintaining 
the manganese content below the 
amount soluble at the lowest tempera- 
tures encountered in the melting and 
casting of the alloys. 

4. The manganese content can be 
lowered to a sufficient extent to avoid 
appreciable segregation without. im- 
pairing tensile properties or resistance 
to corrosion, but the complete elimina- 


tion of the manganese would adversely 
affect both the strength and the re- 
sistance to corrosion. 
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Burghoff and Blank! have pointed 
out that the creep properties of hard- 
drawn coppers are closely associated 
with their individual softening charac- 
teristics and have further shown that 
the creep resistance of various types 
of copper is improved, under certain 
circumstances, by cold stretching. 

In the design of certain types of 
electrical machinery, it is important to 
have the creep resistance as high as 
possible; furthermore, short-time creep 
strength is important since in many 
cases stresses are large only during 
warming-up and cooling-down periods. 

In this paper, data are presented 
showing the effect of cold work on the 
short time creep strengths of various 
types of commercial copper under 
several conditions. It is shown that 
trends from short-time creep tests are 
evident at longer times. 


Materials Used in the 
Investigation 


The coppers used in this investiga- 
tion were commercial grade and of two 
basic types, oxygen free high con- 
ductivity (OFHC) and tough pitch. 
Additions of silver in amounts of 15 
and 25 oz per ton were added to each 
of the two coppers. The analyses of 
these six coppers are given in Table 1. 
Originally, they started as wire bars 
4X 4 X 54 in. 

A square rod was made by hot 
rolling the wire bars to %¢-in. rod 
in 8 passes. This rod was then cold 
drawn to 0.445-in.-diam rod and an- 
nealed for 314 hr at 1000°F. It was 
then cold drawn to 0.325-in. rod and 
again annealed at 1000°F for 334 hr. 
Hard square rods were then made by 
cold rolling to 0.257 X 0.257-in. rod. 
Soft wire was made from the hard- 
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Table 1. . . Analyses of Types of Copper Used in Investigation 
(Per Cent by Weight) 


2 Tough Tough Pitch Tough Pitch OFHC OFHC 

Material Pitch 15 oz + 25 oz OFHC + 15 oz + 25 oz 
© Silver per Ton | Silver per Ton Silver per Ton | Silver per Ton 

Sb 0.0004 0.0015 0.0018 0.0010 0.0008 0.0012 

As 0.0004 0.0007 0.0006 0.0004 0.0002 0.0004 

Bi None <0.0001 None None 0.0001 0.0001 

Fe 0.0005 0.0021 0.0005 0.0007 0.0010 0.0007 

Pb 0.0006 0.0005 0.0008 0.0002 0.0005 0.0003 

Ni 0.0018 <0.0011 0.0011 0.0008 <0.0008 

O 0.031 3 0.060 None None None 

Se 0.0004 <0. 0002 0.0002 0.0001 0.0003 <0.0004 

Ag 0.0019 063 0.072 0.0011 0.0537 0.0755 

s 0.0013 0.0020 0.0015 0.0011 0.0014 0.0017 

Te None <0.0002 0.0004 None None <0.0006 

Sn 0.0002 <0.0005 None 0.0001 <0.0001 

Cu (by diff.) | 99.9615 >99.8981 99.8622 99.9943 99.9411 >99.9182 
drawn material by annealing at 650°F nealed 0.257-in. wires was uniform 


for 3 hr. 

The final rolling was performed using 
a set of 9-in. grooved rolls revolving at 
30 rpm, which produced square wires. 
Reductions of approximately 5, 20, 
30, and 40 pct were obtained using 
several passes in the same direction 
for the large reductions. 

The 5 pct reduction by drawing was 
accomplished using a steel die having 
2 parallel bearing surfaces. The die 
angle was 714 degrees and the wires 
were lubricated with a paste of ceresin 
wax dissolved in carbon tetrachloride. 
The speed of drawing was 13 fpm. 
Since work was done on only two sides 
of the wire simultaneously, it was 
necessary to rotate it 90 degrees each 
pass to insure uniform deformation. 

The room-temperature tensile prop- 
erties of the various tempers are given 
in Table 2. The grain size of the an- 
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and averaged about 0.035-0.045 mm. 


Experimental Procedures 
for Short-time Creep Tests 


Standard creep-test frames (Fig 1) 
were used for the testing. Special fix- 
tures were designed to apply axial 
compressive and tensile loads to the 
copper wires. The compression speci- 
mens were | in. long and the ends were 
ground flat and parallel. The creep in 
compression was indicated by the 
movement of reference marks scratched 
on intersliding platinum strips attached 
to the moving heads of the fixture. 
The movement was measured with an 
optical micrometer fitted with a filar 
eyepiece on which the smallest division 
was 0.00005 in. 

The tensile creep specimens were 
4 in. long which provided ample grip- 
ping surface for the jaw-type grips. 
The platinum strips were attached to 
a one-inch gauge length of the wire 
and the creep measured as previously 
described. 

The single-specimen furnaces were 
connected to individual power and 
control sources. The controlling equip- 
ment consisted of Foxboro controllers 


Metals Transactions, Vol. 185 . . . 409 


specially fitted with anticipating ther- 
mocouples which controlled the tem- 
perature to less than 3°F of the control 
setting which was 572°F (300°C). Two 
thermocouples were mounted on each 
specimen, one to the controller and 
the other to the recorder and potenti- 
ometer for measuring the temperature. 

The specimen was mounted in its 
fixture and placed inside the furnace 
and assembled in the test frame. The 
furnace was brought up to tempera- 
ture, with a zero load on the specimens, 
in approximately 30 min. A no-load 
reading was taken and the load applied 
by means of dead weights on the iever 
arm. Readings were taken thereafter 
at suitable intervals and the test con- 
tinued until a secondary or minimum 
creep rate was well established. The 
tests averaged twenty-four hours in 
duration. 


Discussion of Results 


The results of these tests are sum- 
marized in Table 3, which lists the 
creep stress, initial deformation, total 
creep, minimum creep rate and the 
total time of test. The initial deforma- 
tion is seen to vary only slightly among 
the various coppers for similar degrees 
of cold work. Total creep is defined as 
the total strain minus the initial strain. 
The initiation of the third or. rapid 
stage of creep is indicated in the table, 
with its approximate time. 


Table 2. . . Room-temperature Tensile Properties of Wires 


Material Temper, Pct Yield Strength, | Tensile Strength, Elongation, Pct 
CUE! Cold Reduction psi* psi in 10 in. 
Tough pitch Drawn 5 17,500 33,400 34 
Tough pitch Rolled 5 17,500 33,500 33 
Tough pitch Rolled 20 43,400 45,700 3. 5 
Tough pitch Rolled 30 46,500 47,200 ae!) 
Tough pitch Rolled 40 49,000 50,200 5 
Tough pitch + 15 oz Ag Rolled 5 24,000 36,300 33 
per ton Rolled 20 44,000 45,300 3.5) 
Rolled 30 47,500 48,800 3.0 
Rolled 40 49,500 50,700 25 
Tough pitch + 25 oz Ag Drawn 5 18,600 35,700 34 
per ton Rolled 5 19,300 35,900 34 
Rolled 20 43,400 45,600 Ayan 
Rolled 30 47,600 48,800 3.0 
Rolled 40 51,000 52,000 2.5 
OFHC Drawn 5 14,700 32,800 36 
OFHC Rolled 5 15,000 33,000 a3 
OFHC 20 43,000 44,600 5.0 
OFHC 30 45,800 46,900 4.0 
OFHC 40 48,500 49,500 0 
OFHC + 15 oz Ag per ton Rolled 5 15,500 33,100 36 
Rolled 20 44,500 45,400 2.0 
Rolled 30 45,500 46,700 3.0 
Rolled 40 49,500 50,600 Dee 
OFHC + 25 oz Ag per ton Drawn 5 14,600 33,000 35 
Rolled 5 14,700 33,000 35 
Rolled 20 43,000 45,300 5.5 
Rolled 30 46,500 47,700 4.0 
Rolled 40 49,300 50,600 3.0 


* Stress at 0.2 pct offset from initial slope of stress-strain curve. 


Typical of the types of curves ob- 
tained are those shown in Fig 2 com- 
paring various degrees of cold work. 
Although the hardness and the strength 
properties of the wires increased as 
the per cent reduction by cold work 
increased, the creep rates are not so 
simply affected. It is normally sup- 
posed that as the strength properties 
increase, the creep properties, such 
as rate and total deformation, are bene- 
fited. This can be considered true 
only as long as some competing process 
does not set in. As was pointed out by 
Burghoff and Blank, recrystallization, 


FIG 1—Creep-test Frames. 
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as manifested by softening, takes place 
when the strained metal is heated 
within a critical temperature range 
and the creep rate thereby increased. 
In a previous paper,? the relation 
between degree of cold work and the 
course of recrystallization for most 
of the coppers used in this investigation 
was described. It was pointed out that 
as the cold work increased, the tem- 
perature for softening decreased, or 
in isothermal annealing, the softening 
time decreased. 

It is important, then, in analyzing 
creep data to keep in mind that re- 
crystallization and creep are taking 
place simultaneously. Thus, in Fig 2 
the curves for 5 pet cold-rolled OFHC 
copper appear to be normal, having 
progressed into the constant creep-rate 
stage. However, the wires rolled 20, 30, 
and 40 pct show decidedly different 
characteristics. It is evident that the 
beginning of the stage of rapid or 
acceleration creep occurs sooner as the 
creep stress and the degree of cold 
work increase. 

Since softening is occurring simul- 
taneously with creep, itis reasonable 
to expect the yield strength to decrease 
from the cold-worked value to that of 
soft material during testing. The 
majority of these creep tests were 
made using stresses higher than the 
yield strengths of the soft material so 
that at some time during the tests the 
yield stress must equal the applied 
creep stress. When this occurs, it is 
postulated that the third or final stage 
of creep should be initiated. 

Utilizing the relations set forth in a 
previous paper,” the time for the yield 
strength to drop to the applied creep 
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Table 3. . . Results of Short-time Creep Tests at 572°F (300°C) 


Temper, Initial Creep ae ‘ 
Material Pet Cold Stress, eee Exten- Case Rate, etn 
+ Si ‘Ps Ys 
Reduction P 3 Pe Pet Eeper | Min. 
OFHC Rolled 5 8,000 | Com 5 17 
5 ; p. 0.145 | 0.105 | 0.0032 | 1790 
Cee Rolled 5 | 10,800 | Comp. | 0.17 | 0.23 | 0.0074 | 1310 
OF Rolled 5 | 15,000 | Comp. 0.24 1.12 0.025 1460 
ore Drawn 5 8,000 | Comp. | 0.145 | 0.120 | 0.0035 | 1580 
OFHC Drawn 5) 10,700 | Comp. OM55 |). 0.19 0.0075 | 1150 
OF Drawn 5] 15,000 | Comp. 0.170.) 1.10 0.034 1540 
HC Rolled 5 7,500 | Tension! 0.16 0.06 0.0018 | 1500 
OFHC Rolled 5 | 10,750 | Tension| 0.18 0.17 0.0040 | 1460 
OFHC Rolled 5} 12,500 | Tension! 0.20 0.26 0.0062 | 1490 
OFHC Drawn 5 7,500 | Tension | 0.16 0.11 0.0026 | 1330 
OFHC Drawn 5] 10,000 | Tension} 0.18 | 0.15 | 0.0046 | 1390 
OFHC Rolled 20 7,500 | Tension} 0.10 2.52 1445 3rd stage, 
| 440 min. 
OFHC Rolled 40 7,500 | Tension | 0.15 2.59 | 195 3rd stage, 
10 min. 
OFHC Rolled 30 | 12,500 | Tension | 0.23 8.71 725 3rd stage, 
50 min. 
OFHC Rolled 20 | 12,500 | Tension| 0.12 | 2.61 1200 3rd stage, 
‘ 390 min. 
Tough pitch Rolled 5 7,500 | Comp. 0.19 0.54 0.0170 | 1590 
Tough pitch Rolled 5! 10,000 | Comp. 0.205 | 1.26 0.0366 | 1465 3rd stage, 
1200 min. 
OFHC + 15 oz Ag per ton} Rolled 5 7,500 | Tension | 0.155 | 0.060 | 0.0014 | 1440 
Rolled 5 | 12,500 | Tension} 0.180 | 0.16 0.0045 | 1440 
Rolled 20 7,50€ | Tension | 0.07 0.18 0.0052 | 1360 
Rolled 20} 12,500 | Tension! 0.16 0.29 | 0.010 1440 
Rolled 30 7,500 | Tension | 0.06 0.14 0.0049 | 1375 
Rolled 30 | 12,500 | Tension | 0.16 0.32 0.011 1355 
Rolled 40 7,500 | Tension | 0.04 0.16 0.0052 | 1440 
Rolled 40 | 12,500 | Tension | 0.17 0.31 0.0074 | 1440 
OFHC + 15 oz Rolled 20 | 17,500 | Tension | 0.265 | 0.680 | 0.023 1430 
Ag per ton 
Tough pitch + 15 oz Ag Rolled 5 7,500 | Tension | 0.160 | 0.185 | 0.0063 | 1440 
per ton Rolled 5 | 12,500 | Tension! 0.175 | 0.580 | 0.0192 | 1440 
Rolled 20 7,500 | Tension| 0.100 | 0.320 | 0.010 1395 
Rolled 20 | 12,500 | Tension| 0.170 | 0.700 | 0.0246 | 1415 
Rolled 20 | 17,500 | Tension} 0.295 | 0.765 315 
Rolled 30 7,500 | Tension | 0.105 | 0.265 | 0.0094 | 1370 
Rolled 30 | 12,500 | Tension |} 0.185} 0.755 | 0.022 1380 
Rolled 40 7,500 | Tension | 0.085 | 0.320 | 0.0125 | 1400 
Rolled 40 | 12,500 | Tension | 0.17 0.795 | 0.0272 | 1400 
OFHC + 25 oz Ag per ton| Rolled 5 7,870 | Comp. 0.15 0.16 0.0021 | 1505 
Rolled 5 | 10,600 | Comp 0.18 0.18 0.0051 | 1455 
Rolled 5 | 12,500 | Comp. 0.20 0.36 0.0089 | 1540 
Drawn 5 7,960 | Comp. 0.16 0.18 0.0032 | 1430 
Drawn 51} 10,700 | Comp. 0.19 0.23 0.0070 | 1490 
Drawn 5} 12,500 | Comp. 0.20 0.47 0.0113 | 1550 
Rolled 5 7,500 | Tension | 0.18 0.04 0.0010 | 1400 
Rolled 5 | 10,000 | Tension | 0.20 0.05 0.0016 | 1415 
Drawn 5 7,000 | Tension | 0.19 0.07 0.0012 | 1235 
Drawn 5 | 10,000 | Tension | 0.20 0.09 0.0018 | 1425 
Rolled 5 | 12,500 | Tension | 0.12 0.24 0.0079 | 1205 
Tough pitch + 25 oz Ag Rolled 5 7,500 | Comp. 0.19 0.24 0.0054 | 1410 
per ton Rolled 5 | 10,000 | Comp. 0.20 0.25 0.0078 | 1340 
Drawn 5 7,500 | Comp. 0.19 0.20 0.0060 | 1200 
Drawn 5 | 10,000 | Comp. 0.205 | 0.42 0.0102 | 1340 
Tough pitch + 25 oz Ag Rolled 5 7,500 | Tension| 0.19 0.16 0.0047 | 1240 
per ton Rolled 5 | 10,000 | Tension} 0.20 0.28 0.0078 | 1275 
Drawn 5 7,500 | Tension | 0.19 0.21 0.0057 | 1400 
Drawn 5] 10,000 | Tension; 0.205 | 0.26 0.0096 | 1250 
Rolled 20 | 12,500 | Tension | 0.19 0.885 | 0.030 1440 
Rolled 40 | 12,500 | Tension | 0.170 | 0.880 | 0.031 1340 


stress can be approximated. The de- 
tailed calculations are given in Appen- 
dix A. The arrows on the creep curves 
indicate these computed times. Fair 
agreement between calculated and 
actual points of inflection is observed. 
It is to be emphasized that this relation 
is an empirical approximation which 
enables the engineer to choose a suit- 
able degree of cold work for a particular 
temperature application. This relation 
is most effective at low amounts of cold 
work where the yield strength has not 
been appreciably changed or at tem- 
peratures where it is little affected. 


Tension vs. Compression 
ee Creep 


The majority of the compression 
creep tests covered only small ranges 
of strain and only in the cases where 
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the third stage of creep set in, did local 
instability occur. Typical of the curves 
obtained are those shown in Fig 3. 
Tension and compression creep are 
compared in Fig 4 and 5. 

It will be noted that the creep rate 
in compression is markedly higher than 
that for tension. In cold-drawn or 
cold-rolled materials, as were used 
here, this difference may be connected 
with the Bauschinger effect. 


CREEP IN COLD-DRAWN VS. 
COLD-ROLLED MATERIALS 


From Fig 4 and 5, it will be noted 
that in general, the cold-drawn mate- 
rial has a higher creep rate under 
comparable conditions than the cold- 
rolled material. This effect is probably 
connected with the manner in which 
the two methods of cold deforma- 
tion distribute the cold deformation 


throughout the cross-section of the 
material. Fig 6 shows the results of a 
Knoop hardness transverse through 
drawn, rolled, and annealed tough- 
pitch copper. It will be noted that 
while the drawn material is harder at 
the outside, the rolled material is 
harder at the center. The area under 
the hardness curve is about 5 pct 
greater for the cold-rolled material 
than for the cold-drawn. It will also be 
noted from Table 2 that the yield and 
tensile strengths are, in general, slightly 
higher for the rolled than for the drawn 
material. These two factors probably 
account for the differences in creep 
rate observed. The nonuniformity in 
strain hardening evident in Fig 6 for 
the 5 pet cold-worked wires persists 
in the wires rolled 40 pct. 


EFFECT OF SILVER ON CREEP 
PROPERTIES 


It is well known that silver added to 
copper increases the resistance to 
recrystallization. Likewise, it might be 
expected that it should have a similar 
effect on the creep properties of cold- 
worked material. Qualitatively, this 
is true, but quantitatively, the relation 
is not simple. Fig 7 shows the recrystal- 
lization curves of the various coppers. 
These results are based on the frac- 
tional change in yield strength of hard 
drawn (84.4 pct reduction in area) 
0.081-in. wire, annealed for 1 hr at 
various temperatures. There is little 
difference among the silver-bearing 
coppers, as far as the recrystallization 
curves are concerned. 

The effect of silver on the secondary 
creep rate is illustrated in Fig 8. It 
is evident that silver, while effective 
in reducing the creep rate of both 
tough-pitch and OFHC coppers, does 
not equalize the two types as it did in 
the softening properties. Although the 
effect of silver is comparatively small 
at low amounts of cold working, it is 
very active at greater cold reductions. 
Its effectiveness is manifested in the 
delaying of the third stage of creep. 


Long-time Creep Tests 


During the course of this investiga- 
tion, long-time tensile creep tests 
(>1000 hr) were performed on com- 
mercially drawn (0.081 in.) wires of 
tough-pitch, OFHC, and OFHC plus 
15 oz of silver per ton, coppers. Three 
commercial tempers were included in 
these tests; annealed, half hard (37.1 
pet red. in area), and hard drawn 
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FIG 2—Time-extension curves for OFHC copper, rolled to reductions of 5, 20, 30 and 


AO pct. Tested at 572°F. 


Arrows indicate recrystallization has reached critical stress level. 
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FIG 3—Time-compression curves at 572°F for various coppers cold rolled 5 pct. 


(84.4 pet red. in area). An additional 
temper, 10 pct cold worked, was pro- 
duced by pulling annealed wire in 
tension until the desired deformation 
was produced. The room-temperature 
tensile properties are given in Table 4. 

These tests were carried out at lower 
temperatures and higher stresses than 
the short-time tests. The details of the 
creep tests are given in Table 5. Typical 
creep curves for the three coppers are 
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shown in Fig 9, 10, and 11. The results 
of these tests are consistent with the 
short-time tests, although in some 
instances the effects of cold work and 
silver are greater than in the short- 
time tests. 

The long-time tests serve to estab- 
lish more firmly an optimum degree of 
cold work for each temperature and 
the beneficial influence of silver on 
the creep properties of copper. It will 


be observed that the long-time tests 
rate the various coppers in the same 
order as the short-time tests. 

The comparative data on creep rates 
of OFHC and tough-pitch copper in 
Table 4 appear to be at variance with 
the results of Burghoff and Blank, who 
found little difference between the 
creep rates of some OFHC and ETP 
copper both in the annealed and cold- 
drawn condition. It should be pointed 
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FIG 4—Stress-creep rate relationship at 572°F for coppers rolled and drawn 
5 pct. Tested in tension and compression. 
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FIG 5—Stress-creep rate relationship at 572°F for coppers rolled 
and drawn 5 pct. Tested in tension and compression. 
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FIG 6—Knoop hardness numbers vs. location. Tough-pitch copper. 


out, however, that these authors also 
found little difference between the soft- 
ening characteristics of the two lots of 
copper they used in this investigation. 


Summary 


The effect of cold work on the 
creep characteristics of tough-pitch 
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and OFHC coppers, unalloyed and 
silver bearing, has been determined 
for temperatures from 200 to 572°F. 
The most important results are: 

1. Cold work increases the creep 
strength of copper; however, the bene- 
fit from cold work is lost at tempera- 
tures where recrystallization is rapid. 
This temperature varies with the 


amount of cold work and the type of 
copper. 

2. The addition of silver to either 
tough-pitch or OFHC copper raises 
the temperature at which rapid re- 
crystallization occurs; the effect is 
approximately the same on both types 
of copper. 

3. While additions of silver effec- 
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FIG 7—Softening curves for hard-drawn (84.4 pct R. A.) copper wires held 
one hour at temperature. 


CREEP RATE - % PER HOUR 


FIG 8—Effect of silver on the secondary creep rate of various coppers 
cold rolled 5 pct. Tested in tension. Short-time tests at 572°F. 
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tively lower the creep rate of both Table 4... . Tensile Tests on Copper Wires 


tough-pitch and OFHC copper as cold. ©§ 


Teri Sloat : =! Cold Reduction 1 : é 
worked, the silver-bearing OFHC cop Material After Last Anneal, | Yield* Strength, psi, Tensile Strength, een, Pet 
per has a markedly lower creep rate Pet a eo 
than comparable tough-pitch copper. | | | 

Tough pitch 84.4 (hard) 65,000 | 65,200 5 

Tough pitch 7.1 (half hard) | 55,000 | 57,000 2.0 

Tough pitch 10.0 } 32,000 / 37,200 25.0 

ees pitch | * a eee 6,500 | 34,200 | 39.0 

¢ 4.4 (hard) 66,000 66.300 1.5 

Appendix OFHC 37.1 (half hard) | 57.000 57,500 20 

OFHC 10.0 33,500 39.300 | 27.0 

OFHC Annealed 6,500 37,000 40.0 

, OFHC plus 15 oz 84.4 (hard) 65.700 65,900 | 1.5 

na revious > ; per tonofsilver; 37.1 (half hard) 57,400 57,600 2.0 

pre paper, an equation 10.0 33,000 38.100 27.0 

was presented by which the process of Annealed 9,000 36,100 40.0 
recrystallization, as evidence by soft-_—_§_ <7. 


if * Stress at 0.2 pct offset from initial slope of stress-strain curve. 
ening, could be charted at low tem- 


ee eae) from . short-time Table 5 . . . Results of Long-time Creep Tests 
high-temperature tests. The validity 


of this relationship has been shown and | Test | / Shiai | Gone ae 
- fais : Tem Ss | Total Gece Se Time 
useful curves derived by its applica- Material |) Temper} pera- ere [Greep,t| Greer ~| Seo.) oct 
: : } ca) - = 
tion. The equation / bei | a Pet per | ary | vied 
} r | Stage, / 
1 Q | | Hr | 
Int = InIn A 
iq. gee Fe an RT | | | | | 
: we eerie : Tough pitch Hard | 200 | 15,000) 0.051 (0.0000066 4500 | 5000 
in which the terms for tough pitch Tough piteh | Hard | 200 | 20,000 0.10, {0.000010 | 3300 | 5000 | 
eee ee ough pite ard | 200 | 25,000| 0.136 |0.000017 | 3000 | 5000 | 
copper, cold worked 5 pct, and under Tough pitch Hard | 230 | 20,000 | 0.200 1260 | Accelerating creep rate 
° . ough pitc ar 230 | 25,000) 0.210 / | 1000 | Accelerating creep rate 
CkEeP test at 300°C and 10,000 pet Tough pitch Soft 250 | 25,000) 1.75 | | 1440 | Decreasing creep rate 
(Fig 3) are Tough pitch 10 pet | 250 | 25,000) 1.85 | | | 2200 | Decreasing creep rate 
: : ‘ Tough pitch Half hard) 250 | 25,000} 0.400 |0.000056 | 4800 | 
{= time in hours for the yield Tough pitch Hard 250 | 25,000| 1.75 | | 1180 | Accelerating creep rate 
o Tough pitch Hard 300 5,000) 1.5 | | 1190 | Decreasing creep rate 
strength to drop to 10,000 psi. Tough pitch Hard 300 | 10,000| 2.5 | | | 190 | Accelerating creep rate 
: . | | | | 
« = fraction recrystallized _ corre- ae Hard 200 | 25,000} 0.033 |0.0000049| | 5000 ) 
: . ; Sis oe OFH | Soft 230 | 20.000) 1.08 (0.000042 | 000 
sponding to 5a drop in yield OFHC Soft 230 | 25,000) 1.33 |10-000067 | 5000 | Decreasing creep rate 
strength to 10,000 psi. OFHC Hard | 230 | 23'000| 0.072 \o-ovo00se| | Sood | 
A =a _ constant = 22.5 for tough pases ae? 250 | 25,000 | wee ee aoe 
= d OFH |Halfhard! 250 | 25.000) 0. |0.000026 | | 
pitch, taken from Fig 6 of the OFHC Hard | 250 e500 0.167 |9. 000027 | 4800 | 
OFH oft 300 | 20,000} 0. 0002 : ; 
-veference paper. (Table 6). OFHC Soft 300 | 25,000] 1.4 J9-.00048 Py eau ) Decreasing creep rate 
. : OFH | Har 300 | 15,000) 0.4 ; 29* | | Increasing creep rate 
Q=energy of activation = 30,000 oFHc | Hard | 300 | 20,000) 1.67 |0.00058* | 200 | 1000 | Increasing creep rate 
cal per mol OFHC Hard 300 25.000, 1.67 |0.00068* 150 680 | Increasing creep rate 
s - | 
=, OFHC + 150z| Soft 230 | 25,000) 0.38 |0.090025 | 5000 | 
R= gas constant = 1.99 cal per Cie perton| Soft | 250 | 25,000 | 1.00 '9..000090 / | £200 | Decreasing creep rate 
degree per mol. 10 pet | 250 | 25,000/ 0.170 |0.000013 | | 5000 | 
Hard 240 | 25,000) 0.033 /0.0000032| | 4800 | 
= <elyin = Half hard| 250 | 25,000) 0.10 |0.0000040) 4800 | 
T peeperature, degrees Ke Soft 300 | 20,000) 0.750 |0.00021 | | 1100 | 
5Ta°K: | Soft 300 | 25,000 0.880 |0.00025 | 1100 | 
* : . Hard 300 25,000 | 0.066 [0000045 | 1000 | 
This equation solved for ¢ yields a | 
at which time the yield * Only approximate, due to extremely short second stage. | : : : 
palueieG 21 hy - hi The total creep does not include the initial elastic elongation. This quantity was not measured in 
these tests. 
20 
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FIG 9—Time-extension curves at 250°F and 25,000 psi. Wires half hard and full hard (37.1 pct and 
84.4 pct cold worked). 


Arrows indicate recrystallization has reached critical stress level. 
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FIG 10—Time-extension curves at 250°F and 25,000 psi. Wires annealed and prestrained in tension 10 pct. 


strength has dropped to 10,000 psi. At 
this time conditions are favorable for 
the initiation of the third stage of 
creep. When this value is placed on 
the curve of Fig 3 it is found to corre- 
spond closely to the inflection point. 
Values of A for the other types of 


25 


1Q000 RPSL 


2.0 


copper and degrees of cold work are 
listed in Table 6. 

Considering a creep test at 25,000 
psi and 300°F and neglecting the effect 
of strain hardening, recrystallization 
might be expected to reduce the yield 
strength to 25,000 psi for the various 
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FIG 11—Time-extension curves at 300°F. Wires full hard (84.4 pct 
cold worked). 


Arrows indicate recrystallization has reached critical stress level. 
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Table6... Value of A for Various 
Types of Copper and Degrees of 
Cold Work 


OFHC + 15 Oz 
of Silver per Ton 
of Copper 


WNNNNHNY 
to 
w 


a) 
aid 
ces 
23.85 
.0 
.3 


hard-drawn coppers in the following 
times: tough pitch—20 hr, OFHC— 
150 hr, OFHC + 15 oz silver per ton— 
10,000 hr. The times for the yield 
strengths to drop to the stress imposed 
during the creep tests are indicated by 
arrows on the time-extension curves. 
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The Rapid Determination of 
Orientations of Cubie Crystals 
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Introduction 


Various X ray diffraction techniques 
have been developed for determining 
orientations of crystals. Transmission 
and back-reflection Laue methods!:?) 
in particular have been found to be 
very useful. In many applications, how- 
ever, a need still exists for a simplifica- 
tion of the details of analysis so that 
orientations can be determined more 
rapidly, and operators with little or 
no training in crystallography can be 
easily instructed in the necessary 
procedures. 

Filling this need in part is a system 
of analysis that has been in use for 
several years in the Metals Section of 
the Laboratory, General Electric Co., 
Pittsfield, Mass. This method is an 
extension of the one of Majima and 
Togino,‘ which uses fifty-five indexed 
standard transmission Lauegrams to 
cover the entire range of crystal orien- 
tations. Greater rapidity in determining 
the orientation of a crystal is achieved 
by using a slightly larger set of stand- 
ard Lauegrams and by systematizing 
the steps followed. This system of 
analysis in its present form constitutes 
the subject matter of the present paper. 
Although the method uses transmission 
X ray Laue patterns, many of the oper- 
ations are applicable to the analysis of 
back-reflection Lauegrams. 

Very briefly the method is based on 
the fact that Bragg and azimuthal 
angles for two or more identified Laue 
diffraction spots completely determine 
the orientation of a crystal, and stand- 
ard Laue photographs of the Majima 
and Togino type provide a ready means 
for identifying Laue spots. After a pre- 
liminary analysis, which consists of 
identifying the pattern in terms of one 
of the standard patterns, a correctly 
marked Lauegram is selected to carry 
out the final analysis. From measured 
Bragg and azimuthal angles, the nor- 
mals (poles) of the reflecting planes for 
the selected Laue spots are located on a 
stereographic projection and the orien- 
tation of the crystal determined (in 
terms of the positions of cube poles for 
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FIG 1—Photograph of a Laue transmission X ray camera with 
specimen in position. 
Film holder not shown. 


example) by a few additional operations 
on a Wulff net. 

The actual procedure followed will 
be illustrated in detail after a brief 
treatment of X ray problems connected 
with orientation determinations and 
a discussion of useful principles and 
techniques. 


X Ray and Plotting 
Problems 


RELATIVE ADVANTAGES OF BACK- 
REFLECTION AND TRANSMISSION 
LAUE DIFFRACTION METHODS 


In the back-reflection Laue method 
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it is easy to make a direct measurement 
of the tilt of a zone of Laue spots. 
Specimen thickness also is generally no 
problem. In the case of thin specimens, 
however, the time of exposure is less 
for the transmission Laue method. For 
example, with silicon ferrite this advan- 
tage holds up to a thickness of 0.6 mm 
if tungsten radiation at 40 kv peak 
voltage is used. Furthermore, the 
transmission photograph represents the 
entire thickness of the crystal whereas 
the back-reflection picture represents 
only a surface layer (a thickness of less 
than 0.05 mm for silicon ferrite), the 
deeper layers supplying a_ negligible 
amount to the diffraction pattern. If a 
crystal is distorted, the transmission 
Laue pattern gives more information 
particularly with regard to the orien- 
tation of the crystal and the overall 
amount of spread in _ orientation. 
Finally a 314 X 4 in. film suffices for 
transmission photograms; a 4 X 5 in. 
or 5 X 7 in. film with a central hole is 
needed for back-reflection patterns 
Not only is the manipulation of film 
easier because of the size of film, but 
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there is also less work involved in 
camera loading with film requiring no 
central hole. 


AIDS FOR THE LAUE METHOD 


A convenient method for mounting 
flat specimens is shown in Fig 1. A 
collimating tube is joined centrally to 
a 5 in. square steel plate with the rear 
pinhole flush with the surface. An ad- 
justable clamp to provide vertical and 
horizontal movement of the sample 
without rotation rests on the square 
plate in such a way that its upper edge 
is always 90° to a line passing from the 
rear pinhole to the long pin located 


near the top of the large plate (see 


Fig 1). The purpose of this pin is to 
transfer a reference direction directly 
to the film in the form of a pin-prick 
and thereby solve the alignment prob- 
lem for measuring azimuthal angles. 
The specimen shown in Fig 1 is held in 
position by one clamp and two Alnico 
magnets. Larger specimens can be held 
with auxiliary clamps or with scotch 
tape. Further, the camera shown in 
Fig 1 can also be used as a specimen 
holder for a back-reflection camera. 


RELATIONS FOR PLOTTING THE 
POLE OF A PLANE 


The positions of poles of planes that 
appear in stereographic projection de- 
pend on which surface of a flat speci- 
men is used for reference. Our procedure 
is to use the surface which is visible 
when the sample is mounted for X ray- 
ing, either for transmission or back- 
reflection photography (as shown in 
Fig 1). Fig 2 diagrammatically shows 
the position of the normal N to a plane 
which diffracts X rays to a point L on 
the film. The normal NV makes an angle 
6 with the surface of the sample, and 
the diffraction spot L makes an azi- 
muthal angle @ with the reference 
direction, R.D. The distance r from 
the central image O to the spot L is 
given by Eq 1: 

r=) tanr2.0% {1] 
where D is the distance between speci- 
men and film. 

The incident beam, the diffracted 
beam, and the normal to the reflecting 
plane, lie in a plane which intersects 
the film along the line OL at an angle ¢ 
to the reference direction of the sample. 
This relationship also determines ¢ for 
plotting the pole of the plane in stereo- 
graphic projection. The distance r de- 
termines the value of 6 according to 


* A similar equation holds for back-reflection, 
the angle 6 being replaced by 90° — 5. 
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N 


FIG 2—Schematic diagram showing angular relations for the Laue method. 


pee aes 


SPECIMEN 


FILM 


« BASIC CIRCLE 


TRAGING PAPER 


FIG 3—Schematic diagram showing correct relation for film, specimen, and stereographic 


projection. 
The point A locates the direction of the pole of the plane which reflects X rays to the point L on 


the film 


Eq 1; therefore, a direct reading net 
can be easily made for measuring 6. 
Later a photograph will be shown of 
an arrangement for holding the film 
and measuring 6 and ¢ directly (it is 
called a 6, @ analyzer). 

To keep relationships correct during 
analysis the film is held so the observer 
looks through the film onto the surface 
of the sample. This applies to both 
transmission and back-reflection work. 
Fig 3 showing specimen, film, and the 
plot of one pole in stereographic pro- 
jection illustrates this for transmission. 
As in Fig 2, the pole of the reflecting 


plane is diametrically opposite the 
Laue spot.* Its distance from the basic 
circle, which coincides with the plane 
of the sample, is 6 degrees measured 
along a diameter. The basic circle and 
two diameters of a Wulff net are 
properly graduated for making this 
plot. The meridian and latitude lines 
of the Wulff net are also indispensable 
for plotting crystallographic directions 
from the known angular relationships 
between planes. Therefore, the plot is 


*In back-reflection work the pole of the re- 
flecting plane and the Laue spot fall on the same 
side of the incident beam. 
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most conveniently carried out on trac- 
ing paper superimposed on a Wulff 
net.>* 

In a Laue photogram certain groups 
of diffraction spots lie on conic sections 
(ellipses, parabolas, and hyperbolas). 
Such groups are called zones. In stereo- 
graphic projection poles of planes for a 
zone fall on a meridian line when the 
plot is correctly rotated about the 
center of the Wulff net (in space they 
lie in a common plane). The direction 
90° away (and this will fall on an 
equator when the poles of the zone 
are superimposed on a meridian line) 
is the zone axis of the zone. When a 
zone axis is within 45° of the center of 
projection, the zone of Laue spots on 
the film is an ellipse; when a zone axis 
is at 45°, the zone is a parabola; and 
when a zone axis is beyond 45°, the 
zone is a hyperbola. In back-reflec- 
tion Laue photographs all zones are 
hyperbolas. 


Crystallegraphiec Relation- 
ships in Cubie Crystals 


ANGLE BETWEEN PLANES 


The angle 6 between two _ planes 
(hikil:) and (hokel2) or two directions 
([hikyl;| and [hekol.] can be calculated 
from Eq 2 when the Miller indices are 
known. é 
Coss07— 
hyhs =e kiky + Llp 2 
Vdd ke the tke ele) PI 
when Ayho + Rikot lil, = 0,4 = 90°. 


ZONE AXIS 


Since hu t+kw+ lw =0 
and hou + ko + low = 0 
u = a(Ryly — Rol) 
when v = a(lyhe — Iohi) (3] 


WwW = a(hyRe — hoky) 

(where a is a suitable constant to make 

u, v, and w small integers) 
the direction [uvw] is 90° from the 
directions [hyk,l;] and [hekel|, which 
are the poles of planes (hikili) and 
(hokols) respectively since the system 
is cubic. The line of intersection of 
the planes (Aikil:) and (hokol2) is the 
direction [uvw]. 


Also hu+ kv + lw = 0 [4] 
when 

h; = mh; + nhz 

k; = mk, + nk, for any integral 


l; = ml; + nl, values of m and n. 
Consequently, the direction [usw] 
makes an angle of 90° with all direc- 


* This article, incidentally, gives an excellent 
treatment of the properties and uses of a Wulff 
net. 
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tions of the form [h;k;l;] and, there- 
fore, is the zone axis of all planes 
(A:kil;). Example: starting with Miller 
indices I, 0, 1, 1, I, and 0 for hy, ki, hi, 
ho, ke, and I, respectively and using 
values of 3 and 2 for m and n respec- 
tively, we obtain [111] for the zone 
axis of the (101), (110), and (123) 
planes. * 


The Relationship between 
Film Nets and Stereo- 
graphie Projection Nets 


When poles of planes for a zone are 
plotted in stereographic projection, 
points are obtained which fall on a 
meridian line. Also, if the direction of 
plotting is reversed, a meridian line 
of a Wulff net becomes a conic section 
on a film net. Let us call the conic 
section thus obtained, however, a 
zone or meridian line on a film net. 
Similarly a latitude line of a Wulff 
net can be plotted to obtain a latitude 
line of a film net. The reverse plotting 
must be carried out according to 
whether the net is to be used for 
transmission Lauegrams or back-reflec- 
tion Lauegrams. Using an arrow to 
indicate the operation of plotting, the 
following relations can be indicated 
for well known nets. 


sets of latitude lines. One set gives 
the 45, 90, and 135° differences in 
latitude, the other set the 30, 60, 
90, and 120° differences in latitude 
measured from correct points on the 
base line. The base line must be used 
for all measurements of angle between 
planes except those of a zone. In this 
particular case, as will be illustrated 
later, the angles between planes for a 
zone can be read directly when one 
Laue spot of a zone is placed on the 
base line. 

The Greninger net has been ade- 
quately described elsewhere. An illus- 
tration, however, using such a net will 
be given later. 

The film net shown in Fig 6 is very 
useful for plotting poles of planes and 
directions of zone axes in stereographic 
projection. When used for these pur- 
poses, however, the net must be 
coupled with a scale for measuring the 
azimuthal angle ¢. The angle 6 for any 
Laue spot can be read from the polar 
scale which is drawn in half circles. 
The tilt of a zone measured from the 
center of projection can be read 
directly from the net when the zone 
of Laue spots is correctly located by 
interpolation among the zones of the 
net. Unlike the zones of the Greninger 
net, however, the accuracy of measure- 


Film Net Projection Net Use of Film Net me 
Greninger = Wulff net Back-reflection Laue 3b 
Leonhardt zero-tilt = | Wulff net Transmission Laue 6 
Leonhardt 90°-tilt = | Polar net Either B.R. or Trans. Laue} 6 
Leonhardt w-tilt = Intermediate net between Wulff and Polar | Transmission Laue 6 

net. 


Fig 4 shows one-half of a Leonhardt 
zero-tilt net ;® the dotted curves spaced 
at 10° intervals are meridians and the 
solid line curves spaced at 5° intervals 
are latitude lines. The distance D 
satisfies Eq 1, r becoming equal to D 
when 6 equals 221°. An illustration 
will be given later showing how angles 
between planes can be obtained with 
this net upon placing a zone of Laue 
spots on a meridian (by interpolation) 
and reading differences in latitude 
between Laue spots. 

Fig 5 shows a new diagram that we 
have developed and which we shall 
call an isogonal net because each curve 
represents a constant angle from a 
point on the base line—the straight 
line graduated in 5° intervals. The 
net is a combination of tilted Leon- 
hardt curves (w equal to 5, 15, and 25°) 
with no meridian lines and with two 


* Standard projections (see Ref. 1) can also be 
used to determine members of a zone and the zone 
axis. 


ment of tilt falls off rapidly near 90° 
and the position of Laue spots in the 
direction of the zone axis must be used 
for an accurate determination of the 
tilt of the zone. 


Standard Laue Photographs 


For several years Majima and 
Togino standards, which were re- 
indexed for simplicity of analysis as 
will be described later, were used for 
identifying Laue spots and zones of 
Laue spots. Experience thus gained 
indicated a need for a larger set to 
cover all possible orientations more 
uniformly; so 75 patterns were made 
and these were prepared in two sets— 
one for preliminary analysis and the 
other for final analysis. 

In all 300 patterns were made for 
the body-centered cubic lattice and 
the face-centered cubic lattice. How- 
ever, it is not the purpose of this paper 


Metals Transactions, Vol. 185... 419 


FIG 4—A Leonhardt zero-tilt net showing meridians (dotted-lines spaced at 10° intervals) and latitude 


lines (solid-lines spaced at 5° intervals). 
Net to be used on films where film to sample distance is D. 


FIG 5—An isogonal film net for determining special angle relations as an aid to the identifi- 


cation of a Laue pattern. 
To same scale as the Leonhardt net of Fig 4. 
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FIG 6—A film net for transmission Laue patterns when used as part of a 5, ¢ analyzer. 


One half consists of latitude lines of a polar net graduated in 2° intervals; the other half consists of zones 
spaced at 2° intervals. To same scale as the Leonhardt net of Fig 4. 


to present all 300 patterns in full size 
reproduction; rather the aim is to 
illustrate how such patterns may be 
used for rapid analysis. 


COORDINATES OF STANDARD 
LAUE PATTERNS 


The two angular coordinates to be 
considered now and discussed in rela- 
tion to Fig 7a and 7b locate only the 
crystallographic direction that is paral- 
lel to the incident X ray beam. They 
are not sufficient to determine the 
orientation of a crystal because rota- 
tion about the X ray beam as an axis is 
still indeterminate. 

Fig 7a shows diagrammatically the 
angles a and 6 used by Majima and 
Togino with their standard Laue 
patterns and the angles a and f’ used 
by the present authors with a new set 
of standards. The relationship between 
6 and #’ is 

tan 8’ = cosa tan 6 [5] 
When a and 8 are zero, 8’ is also zero 
and the X ray beam is then normal to a 
cube plane. 

The stereographic projection can be 
treated in two ways to show the angles 
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a and 6’. One way makes use of the 
unit stereographic projection triangle 
(see Fig 7b) formed by the [100], [110], 
and [111] directions of orientation A, 
which is plotted in terms of cube 


The unit triangle will be used again 
later. 

The second way of determining a 
and @” for orientation C is given simply 
as follows: place the outermost cube 
pole on an equator of a Wulff net and 
read directly the angles a and B’, which 
are determined entirely by the cube 
poles of orientations C and A as 
indicated in the figure. This relation- 
ship, incidentally, provides a quick 
and convenient check of the analysis 
made with the aid of a standard Laue 
pattern. 

Similarly a and 8 may be found in 
two ways from the _ stereographic 
projection. First if the coordinates of 
P are expressed in terms of meridian 
intercepts on two diameters at 90° 
as shown, the angular distances to the 
center of the projection are a and 8. 
Secondly, they can be found from the 
cube poles of the orientation C by 
constructing a diameter through the 
correct cube pole and _ locating its 
point of intersection in the correspond- 
ing {100} plane. Actually no diameter 
need be drawn when the plot is on 
tracing paper because the equator of a 
Wulff net becomes the desired diameter 
upon placing the correct cube poles ona 
meridian line. 

In the unit stereographic projection 
triangle, a point indicates that crystal- 
lographic direction which is parallel 
to the incident X ray beam. Directions 
for the Majima and Togino set of 
standards, which are 0,0; 5,0; 5,5; ete. 
to 45,45 in a, 6 units, are shown in 
the unit triangle form in Fig 8a. Each 
direction falls at the center of a circle 


poles. The values of a and £’ are zero /of 2° radius. These circles, forming 


for orientation A. Now any crystal- 
lographic direction P whatsoever may 
be found in the unit triangle and its 
position determined by two angles a 
and @’ if we understand that the 
direction P is actually to be brought 
to the center of projection. The coordi- 
nates of P, which may be given by 
a and §’, then specify the crystallo- 
graphic direction which coincides with 
the incident X ray beam. Suppose P is 
brought to the center of projection by 
two angular rotations—one of a de- 
grees about a vertical axis in the plane 
of the paper, the other of 8’ degrees 
about a horizontal axis in the plane of 
the paper. Expressed in terms of cube 
poles, the final orientation is C and 
the intermediate orientation after the 
a-rotation is B. On the Wulff net, a 
gives the change in longitude whereas 
B’ gives the change in latitude of 
point P during this rotation of A to C. 


horizontal and vertical rows, fall on 
meridian lines. Positions of the new 
standards (see Fig 8b) were chosen so 
that horizontal rows would fall on 
latitude lines and the coverage of the 
unit triangle would be generally both 
complete and uniform. Some points, 
which are marked with central black 
dots, did not fit into the otherwise 
regular scheme. Inaccuracies in both 
Fig 8a and 8b are due largely to the 
errors in the enlarged Wulff net, 
which was used to make the plots. 
Results for the crystallographic direc- 
tions for the new set of standards in 
a, B’ coordinates are given in Table 1, 
each position in the table correspond- 
ing to a similar position in the tri- 
angle in Fig 8b. 


PREPARATION AND NATURE OF 


NEW STANDARDS 


A small experimental error occurred 
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FIG 7—Schematic relationship showing 
direction of incident X ray beam on a cubic 


crystal. 
(a) Three dimensional drawing showing the 
angles a, 8, and 6’. 


in obtaining Lauegrams for crystals 
oriented as outlined in Table 1; so 
the actual coverage represented by 
final standards is somewhat poorer 
than that indicated in Fig 8b. Never- 
theless, the error is generally less than 
one degree, and this has little effect 
on the usefulness of the standards. 
The Laue photographs were taken on 
Kodak type K X ray film without 
any intensifying screen, using tungsten 
radiation at 40 kv (higher voltages 
introduce additional Laue spots—see 
later note). The distance between 
film and sample was 3.2 cm. Three 
crystals of silicon ferrite each 0.2 mm 
(0.008 in.) thick were used to obtain 
75 patterns for the body-centered cubic 
lattice. No crystal rotation about an 
axis perpendicular to the X ray beam 
exceeded 20°. Exposure times were 
one hour, and the weaker Laue spots 
were well recorded. One crystal of 
aluminum 0.4 mm (0.015 in.) thick 
was used to obtain all 75 Lauegrams 
for the face-centered cubic lattice. 
Exposure times were 15 min. for the 
aluminum crystal. 

Lauegrams obtained on 43 X 5 in. 
film and with dark Laue spots on a 
relatively clear background are called 
the original positives. From them, 
marked negatives 334 in. X 334 in. in 
size were made as follows: first a 
correctly marked piece of tracing 
celluloid was superimposed on _ the 
positive and the composite was then 
printed on contrast process ortho 
film; secondly, this procedure was 
repeated using another type of cellu- 
loid tracing but the same original 


ORIENTATION A'—— 
C: --- 


TRANSITION A~C:- 


A 


(b) Stereographic projection for X ray beam in the center of projection and the crystal in 
orientation C, showing the angles a, 8, and #’ in relation to orientation A. 


positive. In this way 300 negatives, to 
be used in making final positives on 
commercial ortho film,* were obtained 
from the 150 original Lauegrams. Ex- 
cept for the very intense Laue spots, 
which became enlarged in the repro- 
duction process, final positives made on 
film were good duplicates of the original 
Lauegrams. 

Sets of standards for preliminary 
analysis may be mounted between 
large glass plates in the arrangement 
partially shown in Fig 9 and 10 for 
the body-centered (set B) and face- 
centered (set F) lattices respectively. 
Here the positions correspond to those 
in Fig 8b, and individual patterns 
have the (010) Laue spots along a 
vertical line above the central image. 
The [111] and [001] zones of set B and 
the [101] and [001] zones of set F 
are marked in lightly to show con- 


_ * The authors recommend final positives on film 
in preference to positives on paper. The authors 
also will gladly advise about obtaining these 
standard patterns on film or paper. 


tinuity of the pattern with rotation of 
the crystal and to aid somewhat in 
the more rapid scanning of the group 
while locating the pattern which is 
similar to the one being analyzed. 

Standards of the second set for use 
in the final analysis are kept individu- 
ally in an index file and are marked so 
that steps to be taken in the analysis 
are nearly self-evident. Illustrative 
examples of such standards are shown 
in Fig 11 to 16. Miller indices for a 
zone of Laue spots (the zone axis) are 
enclosed in brackets and located near 
the zone; those for a Laue spot (the 
reflecting plane) are located adjacent 
to the Laue spot. During the final 
analysis when the angles 6 and @ are 
to be measured, the correct standard 
is taken from the file and superimposed 
on the film being analyzed. The 
identification of zones and Laue spots 
to use are determined quickly in this 
way, and zones or Laue spots on films 
do not have to be marked. 


Table 1. . . The 75 Standards in a, 8’ Coordinates 
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FIG 8—Directions of incident X ray beam in 


unit triangle form of projection. 
(a)~(above) The 55 directions used by Majima 
and Togino in obtaining standard Lauegrams. 
(b) (below) The 75 directions used by the 
authors inta new group of Lauegrams. 


In using standard 1-1 of set B 
shown in Fig 11, it is important to 
know that the poles of the (031) and 
(031) planes fall 143°8’ apart (accord- 
ing to Eq 2). Halfway between them is 
the pole of the (001) plane. The (010) 
pole lies on the same meridian 90° 
from the (001) pole. The [100] direc- 
tion, the zone axis of the (031) and 
(031) planes, lies 90° away, a point 
easily located with the aid of a Wulff 
net. The tilt of the (100) plane obtained 
this way, however, is not accurate; 
so the pole of the (301) or the pole of 
the (301) plane should be used to 
determine the tilt. The [301] direction 
for example is between the [001] and 
[100] directions, 18°26’ from the latter. 
_ The [111] zone, which is also marked, 
need not be used except as a check. 

The steps of analysis using standard 
1-1 of set F are the same as those for 
1-1 of set B. However, the strong 
<101> zones, which may be used for 
checking purposes, can be used very 
conveniently alone if desired to make 
the complete analysis. 

A very simple procedure for carry- 
ing out an analysis, which applies to 
most standards, can be illustrated 
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FIG 9—Laue patterns of the body-centered cubic lattice for determining a—(’ in a preliminary 
analysis. ‘ 


with standards 29-15 shown in Fig 
13 and 14. Plot three poles from the 
[001] zone including the (010) and 
(110) poles if the Laue spots show on 
the film. Finally, to complete the 
analysis in terms of cube poles, plot 
the (001) and (100) poles with the aid 
of a Wulff net. 

In other Laue patterns which do 
not contain the (010) or the (110) 
Laue spot, the procedure of analysis is 
only slightly modified. Standards of 
the type illustrated in Fig 15 and 16 
(crystals are in the threefold symmetry 
position) are examples. The poles of 
the (130) and (310) planes for the 
[001] zone, referring to Fig 15, are 
126°52’ apart (according to Eq 2); 
halfway between them is a (110) pole, 
and this serves to locate the (010) and 
(100) poles which belong to the [001] 
zone. The [010] zone need not be 
used except as a check on the analysis. 
The {111} poles are sometimes useful 


in making an analysis; so {111} Laue 
spots are marked on some standards. 
Similar in procedure for analysis is 
the use of the standard shown in Fig 
16. The (120) and (210) poles, in this 
case, fall 143°8’ apart. 

If crystallographic directions other 
than those marked in the standards are 
desired, they can be easily located on 
the stereographic projection from the 
positions of the cube poles. Therefore, 
there is no need to index many of the 
Laue spots. As a matter of fact, it is 
our opinion that a minimum of index- 
ing of the standards is an aid to more 
rapid analysis. 

It should be pointed out here that 
there are a number of errors in the 
standards of Majima and Togino. 
The errors of indexing can be easily 
corrected, however, with the aid of 
equations for crystallographic relations 
or with standard projections of the 
poles of planes. Another point con- 
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FIG 10—Laue patterns of the face-centered cubic lattice for determining a-(’ ina preliminary 
analysis. 


cerns the voltage used on the X ray 
tube. Referring to standard 45-0 
of the body-centered cubic lattice as 
published by Majima and Togino,” 
it is observed that {321} Laue spots 
are present. A voltage of 35 kv was 
used according to their report; but 
40-45 kv peak voltage is needed theo- 
retically to bring out these particular 
Laue spots. On the other hand, the 
same Laue spots are absent in our 
45-1 standards exposed at 40 kv peak 
voltage and show only on patterns 
taken at higher voltages. 


Analysis 


PRELIMINARY ANALYSIS 


A preliminary analysis involves 
determining which standard Lauegram 
of the 75 mounted between glass plates 
resembles most closely the unknown 
pattern. To obtain agreement some 
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films obviously have to be turned 


over. They also have to be held in the 
correct rotational position. When held 
properly, the [111] zone always falls 
between 6:00 and 7:30 o'clock except 
near 45-35.3 where Laue spots of 
the zone fail to register on the photo- 
graphic film. The [001] zone lies 
between 1:30 and 3:00 o’clock except 
near 0-0 where it fails to register on 
the film. The [101] zone lies between 
9:00 and 12:00 o’clock and fails to 
show near 45-0. 

The [111] and [001] zones for the 
body-centered cubic lattice often can 
be correctly recognized at a glance; 
determining the standard to use for 
analysis is then an easy matter. When 
difficulty arises in finding the proper 
standard, film nets can be used as 
illustrated in Fig 17 and 18 to help 
identify the zones. The zone of Laue 
spots falling on the meridian line of 
the Leonhardt net in Fig 17 clearly 


shows a sequence of angular separa- 
tions of 30° (spots on 20, 50, 80, 110 
and 140 latitude lines) thus indicating 
that the zone is of the <111> form. 
This same relationship as well as a 
135° relationship for a <100> zone is 
shown even more clearly in Fig 18, 
the common (110) Laue spot falling 
on the base line. Having established 
the [111] and [001] zones of this 
pattern, the identification of the 
Lauegram as one very near 29-15 
follows quickly upon comparison with 
the standards. 

The [101] and [001] zones of the 
face-centered cubic lattice generally 
need to be recognized for a rapid 
identification of the unknown pattern. 
When difficulty arises, the film nets 
again can be used as an aid. Although 
the isogonal net shown in Fig 5 is not 
constructed for direct application on a 
[101] zone, it can be used if a rough 
interpolation only is needed. 


FINAL ANALYSIS 


In order to plot the orientation of a 
crystal in stereographic projection, 
a method for measuring the angles 
6 and ¢ (see Fig 2 and 3) is required. 
The 6, @ analyzer shown in Fig 19 
with 6 ranging from zero to 30° and 
¢ from zero to 360° fills this need very 
well; a complete analysis of a film often 
can be made with it in a time of five 
minutes or less. A film net as shown in 
Fig 6 but photographed on glass is 
mounted in a frame and located over a 
good source of light. To provide a 
carrier for the Lauegram, a circular 
clear piece of film approximately 8 in. 
in diam is clamped to a metal ring, 
which is graduated in degrees and is 
seated in the base concentrically 
with the film net in such a way that 
the assembly is free to rotate with the 
Lauegram while the clear film remains 
in contact with the surface of the 
stationary film net. The Lauegram is 
held against the surface of the clear 
film with scotch tape, the central spot 
of the Lauegram coinciding with the 
center of the film net and the pin- 
prick falling on the single radial line 
(a reference line) when the scale reads 
270. In this position the reference 
direction R.D. should coincide with 
the zero direction on the scale. 

Continuing with the Lauegram used 
as an illustration in Fig 17 and 18, 
standard 29-15 from the index file 
is now laid over the Lauegram on the 
analyzer. An identified Laue spot is 
then brought to the reference line of 
the net. A final position with the (010) 
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11 


FIG 11—An indexed Lauegram for the body-centered cubic lattice in position 1-1. 
FIG 12—An indexed Lauegram for the face-centered cubic lattice in position 1-1. 


A 


FIG 13—An indexed Lauegram for the body-centered cubic lattice in position 29-15. 
= FIG 14—An indexed Lauegram for the face-centered cubic lattice in position 29-15. 


: ~ FIG 15—An faded Lauegram for the body-centered cubic lattice in position 45-35.3. 
em eee a FIG 16—An indexed Lauegram for the face-centered cubic lattice in position 45-35.3. 
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planes. 


FIG 18—The isogonal net superimposed on a Lauegram for measuring angles between planes. 
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FIG 19—The 6, ¢ analyzer with transmission Laue pattern in 
position for determining the angles 6 and 4. 


Laue spot falling at angles 16° and 
187° for 6 and ¢ respectively is illus- 
trated in Fig 19. The angles 6 and ¢ are 
essentially polar coordinates and must 
be so used in plotting the pole of the 
(010) plane in stereographic projection 
as was explained in the discussion of 
Fig 3.* The (110) and another Laue 
spot (one with larger 6 for greater 
accuracy) are similarly plotted to 
determine the [001] zone. With the 
[001] zone on a meridian line of a 
Wulff net, the pole of the (100) plane 
and the pole of the (001) plane—the 
latter coinciding with the [001] zone 
axis—can be located directly to com- 
plete the analysis for the orientation 
of the crystal involved. 

If a zone axis is to be plotted directly, 
the angles for doing this are obtained 
upon placing the zone of Laue spots 
as parallel as possible to the meridian 
lines of the net and reading tilt and 
azimuth from the analyzer. 

Final analyses by the present-method 
actually are more difficult to make 
near some of the common symmetry 
positions than for other positions. For 
example, in the face-centered lattice 
the position 45-0 (twofold symmetrical) 
is more difficult to analyze than is 
29-15 shown in Fig 14. Likewise 0-0 
(fourfold symmetrical) for iron is one 
of the more difficult positions to 
analyze rapidly. 

In the usual back-reflection Laue 


* The Wulff net may be marked with ¢ ranging 
from 0° to 360° in a way to permit direct plotting 
of the data. 


JULY 1949 


method, however, symmetry conditions 
are a great aid to both preliminary 
and final analyses. Zones are generally 
more useful than individual Laue 
spots for plotting the orientation in 
stereographic projection. A suitable 
set of marked standards could be made 
for the more rapid identification of 
zones in back-reflection Lauegrams. 

A convenient method for measuring 
tilt and azimuth on such patterns is 
shown in Fig 20. Here a Greninger 
net comprises part of the analyzer. 
The Laue pattern is 44-18 in a, p’ 
coordinates. Angle coordinates for a 
<111> zone, which has been placed 
parallel to the meridian lines of the 
net, are a tilt out of the plane of the 
sample of almost 10° and an azimuthal 
angle of 191°. These angles can be used 
with a Wulff net to plot the zone axis 
in stereographic projection. 

Latitude lines on the Greninger net 
are useful for determining directly 
angles between planes in the same 
manner described previously for the 
zero-tilt Leonhardt net. For example, a 
{112} Laue spot is 30° from the {110} 
spot, the strongest Laue reflection for 
the <111> zone shown in Fig 20. 
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FIG 20—Analyzer employing a Greninger net and showing 
correct setting for a zone of Laue spots. 
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Introduction 


The fundamental problem in the 
thermodynamics of solid solutions is 
the determination or calculation of the 
activities of the components as a func- 
tion of temperature and composition. 
Since the theory of metals is not suffi- 
ciently developed to allow a priori 
calculation of these quantities, they 
must be obtained from experiment. 
C. Wagner! has reviewed the literature 
of this subject for the period before 
1940. Although several important and 
extensive studies have been made in 
the meantime, the number of systems 
to which any sort of quantitative in- 
formation can be assigned is vanish- 
ingly small. These data have become of 
great potential importance in studies 
of the structure of solid solutions? and 
intermetallic compounds, the nature 
of the diffusion process,*:4 and perhaps 
even the mechanism of mechanical 
deformation.® For these reasons, it 
seems very worthwhile to extend the 
experimental data in this field. 

Although there is little use in dupli- 
cating Wagner’s review, attention 
should be directed to the most re- 
cently reported investigations. A brief 
enumeration of the methods of mea- 
surement previously employed also 
should be valuable. The most direct 
method is the determination of the 
partial pressure of the components in 
the vapor phase in equilibrium with 
the solution. Both equilibrium and 
kinetic methods have been tried in 
metal systems, but almost exclusively 
on liquid phases. Only in the ease of 
carbon in iron alloys and in the copper- 
zinc system have extensive measure- 
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ments been made which include solid 
phases. 

When one of the components is an 
element, such as nitrogen or carbon, 
which forms compounds which are 
very volatile and stable at normal 
temperatures and pressures (CH4g, 
CO., CO NHs), it is frequently possible 
to equilibrate mixtures containing 
these (such as CHz-Ho, CO,-CO, 
NH;-H.) independently with the ele- 
ments (C, N) and with the metal (Fe, 
Ni, etc.). Such measurements have 
been made for carbon in iron, iron- 
silicon, and iron-manganese alloys by 
Smith® and in iron and _ iron-nickel 
alloys by Toensing.’? Differences be- 
tween carbon activity values at the 
same temperature and carbon content 
when carbon is introduced from CH4,- 
H, mixtures or CO-CO, mixtures 
indicate that the effects of hydrogen 
and oxygen in the system are not 
negligible, and one can only hope that 
the true value lies somewhere between 
these sets of results, probably nearer 
the CH.-H, data since hydrogen is less 
soluble in iron than oxygen. This is 
essentially an equilibrium method, 
although flowing gas is employed. 

A kinetic method has been employed 
which consists of sweeping an inert gas 
(generally hydrogen) over the alloy at 
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a series of rates, condensing the metal 
vapor out, and analyzing it. The metal 
content can be extrapolated to zero 
flow rate (equilibrium). Wejnarth’s® 
work on Cd-Mg and Zn-Mg is a good 
example of this frequently used method. 
A variant of this consists of equili- 
brating a known volume of inert gas 
with the alloy, sweeping it out quickly, 
and analyzing for metal. In common 
with the above method, it has the dis- 
advantage that the “inert” gas is 
generally somewhat soluble in the 
alloy. Moreover, the former contin- 
uously displaces the system from equili- 
brium and may give low values if solid 
diffusion is involved. 

The dew point method applied by 
Hargreaves® to the alpha and beta 
brasses and by Schneider and Stoll?® 
to Al-Zn avoids the introduction of 
another component to the system, but 
is useful only in systems in which one 
component is much more volatile than 
the other. The alloy sealed in one end 
of an evacuated silica tube is heated to 
the desired temperature. The tem- 
perature of the other end is lowered 
until droplets of the volatile component 
condense. When the temperature is 
raised slightly, the droplets will evapo- 
rate. By careful adjustment of tem- 
perature, the range between evapora- 
tion and condensation can be narrowed 
appreciably. An independent deter- 
mination of the vapor pressure of the 
pure volatile component is necessary 
to give the partial pressure over the 
alloy. This is the method employed 
here to determine the vapor pressures 
of zinc and cadmium over their silver 
alloys up to 34 pct in cadmium and 76 
pet in zinc. The former involves only 
the a solid solution, but the latter 
covers the a, B, y, and e fields. 

In recent determinations, Herbenar, 
Siebert, and Duffenback!! used the 
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absorption of light to determine the 
concentration of zinc in the vapor 
phase over copper-zinc alloys. This is 
probably the method most free from 
objections arising from disturbance of 
equilibrium. 

To calculate thermodynamic activi- 
ties with pure metals as the standard 
states, independent determinations of 
the vapor pressures of pure components 
are necessary. For many metals, these 
have been made by two general types 
of measurement—the Knudsen method 
of effusion through an orifice and the 
method of free vaporization from a 
surface. The latter usually involves an 
assumption about the accommodation 
coefficient of the surface, and insofar 
as this is in doubt, the data obtained 
by the method are questionable. There- 
fore, the Knudsen method is more 
desirable. A recent experimental tri- 
umph is the determination of the vapor 
pressure of graphite in this manner.!2 

The calculation of thermodynamic 
activities from vapor pressure data has 
been described in a recent paper by 
Birchenall and Mehl? for similar data 
on copper-zinc alloys. The methods 
are the same here. Another method 
sometimes employed in the deter- 
mination. of activities involves the 
measurement of the electromotive 
force of electrolytic cells. This is only 
feasible when the electrode reactions 
can be established beyond reasonable 
doubt and the cells are reversible in 
nature. !* 


Experimental 


APPARATUS 


With the exception of a few minor 
changes, the apparatus was similar to 
that of Hargreaves. The alundum 
furnace tube (18 X 13g im. id) was 
heated by three main resistance wind- 
ings, with auxiliary coils to heat the 
tubes to the observation windows and 
the end plugs which were inserted to 
avoid draughts of cold air. The fine 
adjustment coil was movable in the 
direction along the tube. A low power 
-cathetometer telescope was used to 
observe the droplets in the cooler end 
of the tube. A sketch of the apparatus 
appears in Fig 1. 


TEMPERATURE CONTROL 


Since the accuracy and_ repro- 
ducibility of this experiment are de- 
pendent chiefly upon the control and 
measurement of the temperatures at 
the ends of the fused quartz sample 


JULY 1949 


s A 3 g 
OXON OS | ISSSSDOS 
NOOO OORT | EGR RRB 

DEKE KR ROQOK OK KKOOO OG | RER AS BL 
—RWOOOCCLWOO Noe le TE CAE, yy 
PHO ORE OE | Hee 
TER LO ON LLL 
| 


PDL DERE AAR SEE Te EBA AS CT a 2 SN eet ig ado) 
x2 LE RES CRPE SEY 

Z SSE I % ee 
XCD CORE | ORR EREG 
SO | sea 


FIG 1—Apparatus for the determination of the vapor pressures of zinc and cadmium over 
their silver alloys by the dew point method. 


1—Alundum furnace tube 18 X 15¢ in. id 
2—Quartz thermocouple protection tube 


3—Quartz sample chamber 
4—Specimen 

5—Transite sheet 
6—Lamp 

7—Reflector 

8—Silocel 

9—Galvanized steel sheet 


10—Coil A, No. 13 kanthal wire, 8 turns per in., 2.8 ohms at 20°C 
11—Coil B, No. 13 kanthal wire, 7 turns per in., 2.2 ohms at 20°C 
12—Coil C, No. 18 nichrome wire, 4 turns per in., 4.1 ohms at 20°C 


13 to 16—Auxiliary coils 
17—Glass plate 

18— Mirror 
19—Telescope 


tube, considerable attention has been 
devoted to these factors. The voltage 
across each resistance winding could 
be adjusted independently of the 
others with ‘“Powerstats.” For long 
heating periods, automatic control 
equipment was employed. Fluctuations 
in temperature were quite small after 
the furnace had been stabilized. It was 
possible to achieve a controlled tem- 
perature difference of 400°C between 
the ends, considerably more than re- 
quired in these systems. 


SAMPLE PREPARATION 


Silver powder (99.9 pct, lot no. 
4203-D, U. S. Metals Refining Co.) 
was melted by induction heating in a 
graphite crucible, the inner walls of 
which were coated with alundum 
cement. Metallic zinc (99.99 pct) or 
cadmium (99.95 pct) was added making 
allowance for vaporization losses. The 
melt was stirred gently with a fine 
quartz tube and allowed to stand for 
about 2 min. before being permitted to 
freeze in the crucible. After a thin layer 
of the surface was machined off, the 
ingot was sealed in an evacuated pyrex 


capsule and homogenized for 24 hr at 
650°C. From this a cylinder was 
machined about 5¢ in. high by 7%. in. 
diam and a shallow well drilled in one 
end to receive the thermocouple pro- 
tection tube. The samples weighed 
about 10 g. 


PROCEDURE 


The specimen was sealed in a trans- 
parent quartz tube after flushing 
several times with dry hydrogen and 
pumping to a few microns pressure. 
The tube was inserted in the furnace 
and heated overnight, the high end 
stabilized by a controller. The run 
began by lowering the temperature at 
the other end slowly until droplets 
condensed in the field of the telescope. 
These were reevaporated by raising the 
temperature. Then the cycle was re- 
peated several times, more slowly, to 
narrow the range between condensa- 
tion and evaporation. The differences 
could be reduced to about 2°C at 10 
mm pressure, 3°C at 5 mm pressure, 
and 4-5°C at 1 mm pressure. The 
times required to establish these were 
about 15 min. at 10 mm and 2 hr at 1 
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mm. The true equilibrium temperature 
was assumed to lie midway between 
the condensation and evaporation 
temperatures. 

It was customary to begin with a 
specimen temperature about midway 
between the extremes then take the 
upper and lower points. This prevents 
overlooking changes which might occur 
progressively in the alloy to produce 
errors which would appear systematic 
if the temperature was always changed 
in the same direction. 


SAMPLING 


Samples for chemical analysis were 
taken from chips removed in shaping 
the samples before the run, others were 
machined off after the run. In only 
one case did these disagree by more 
than duplicate analyses on the final 
sample. This indicates that the homo- 
geneity of the cylinders was quite 
satisfactory. Even if heterogeneity 
existed on a scale too small to be 
detected by the sampling method, it 
would have little effect on the results 
if the surface was representative. 
Vapor transport would quickly homo- 
genize the surface where the deter- 
mination was really made. 

In a number of alpha Ag-Zn runs, 
the droplets formed at the low tem- 
perature end were collected and ana- 
lyzed to determine the validity of the 
assumption that the condensate con- 
sisted of: nearly pure zinc. Only the 
lowest zinc sample showed even a trace 
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of silver, too small to be determined 
quantitatively. Under the conditions of 
the analysis, it could not have been 
as great as 0.1 pct. This was checked 
by spectrographic analysis which also 
revealed minute traces of iron, silicon, 
magnesium, and copper. 

Because of its greater volatility, 
conditions were even more favorable 
in the cadmium case, and no attempt 
was made to analyze the droplets. 


ERRORS 


Although no exact determination of 
the errors is possible, a reasonable 
estimate may be given. These are 
principally of two types—those associ- 
ated with establishment, measurement, 
and control of temperatures and those 
relating to the composition of the sam- 
ple and droplets. Errors may also be 
introduced into the calculations due to 
errors in the vapor pressure data for 
pure zinc and cadmium, but it is 
believed that the equations K. K. 
Kelley!4 employed here are correct to 
within a few per cent. 

Temperatures were measured with 
chromel-alumel thermocouples stand- 
ardized against the freezing point of 
pure aluminum and a Bureau of 
Standards secondary standard couple. 
At these low operating temperatures, 
no contamination or recrystallization 
of the couples was observed. There was 
a possibility of error in the failure of 
the couples to measure the effective 
temperature of the sample or droplets 
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FIG 2—Graph of 1/T, vs. 1/T> for alpha silver-cadmium alloys. 1, is the temperature of the 
alloy in equilibrium with cadmium droplets at temperature To. 
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due to the steep thermal gradient in 
the furnace. However, care was always 
taken to see that the specimen covered 
one thermocouple well, and the droplets 
formed on the other. A 1°C error in 
temperature reading produced a rela- 
tive error of about 14% pct in the 
calculations. It seems probable that 
the error from this source averages less 
than 5 pct for individual points and 
less when several points are correlated 
as below. 

Of the compositional errors, those 
arising from impurities appear to 
be negligible. Pure metals were used in 
melting, and any oxygen introduced 
would be tied up as ZnO. The latter 
would make the analyzed Zn content 
slightly higher than that participating 
in the process. To minimize this, the 
surface was cleaned several times before 
sealing in the quartz tube. The spectro- 
graphic analyses indicate that the zinc 
may have reduced a trace of silicon 
from the quartz tube. 

Heterogeneity of composition may 
have been present from three sources. 
Since the specimens were made from 
castings, some segregation may persist 
even after fairly long annealing. But 
the experiment itself is an annealing 
process, and the samples taken at the 
end should represent the real composi- 
tion well. Furthermore, the repro- 
ducibility of points was found to be 
quite good at different stages during 
the run. 

Long heating in a_ temperature 
gradient could produce a concentration 
gradient in the specimen, but the vapor 
pressure would still approach the true 
value for the average composition and 
temperature. It is unlikely that this 
effect is important here. 

Repeated evaporation and condensa- 
tion might cause considerable differ- 
ences between the surface and the 
interior of the sample. In the 20 cm 
long tube of about 1.3 cm id, it is 
possible to have 0.01 g of zinc in the 
vapor phase at 100 mm pressure. This 
is increased by the necessity of forming 
droplets of finite size for visual 
resolution. 

There should also be a time depend- 
ent hysteresis in the surface layer, as 
zinc is first evaporated, then con- 
densed. However, by slowing the rate 
of temperature changes, the gap could 
be narrowed to the point that the 
equilibrium value was in little doubt. 

Since the analytical deviations aver- 
age between 1 and 2 pct, the calculated 
activities may contain errors which 
aggregate to more than 10 pct for 
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FIG 3—Phase diagram of the silver-zinc system according to Andrews, Davies, Hume-Rothery and Oswin, with the activities of zinc referred 
to pure liquid zinc as the standard state. The circled points are those of Schneider and Schmid. 


single points, but the data taken as a 
whole should be better than this. 


Diseussion of Results 


The Clapeyron-Clausius equation 
Oln p AH 

oT OR RT? My 
relates the vapor pressure, p, the abso- 
lute temperature, 7, the gas constant, 
R, and the heat of vaporization, AH. 
Over a narrow range of temperature, 
AH will be nearly constant. Then 


AH 
In p = — Fart C. [2] 


If p, is the partial pressure of zinc or 
cadmium over the alloy at temperature 
T,, and po is the vapor pressure of zinc 
or cadmium over the pure liquid 
metals at To, they will obey ~ ; 
oe, [3] 


AH 
RT + Co [4] 


At equilibrium, p; = po, and 
aoe (ee 2) 8 
ai Wy oma (7, ge irked? 


Since R, C,, Co are constants and AH, 
and AH) are nearly so, this is nearly a 
linear equation in 1/T; and 1/T». This 
is the form in which the experimental 
data were plotted for correlation. The 


In po = — 
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best smooth curve was drawn through 
the points, and values were read off at 
intervals of about 20°C. (As an exam- 
ple, the curves for silver-cadmium are 
given in Fig 2.) Tables 1 and 2 list the 
vapor pressures, activities, and activity 
coefficients for zinc and cadmium cal- 
culated from points read from these 
curves. It is possible by standard 
methods to calculate the other thermo- 
dynamic quantities for these systems 
as exemplified by the free energy of 
solution which will be discussed below. 

Liquid zinc and cadmium have been 
chosen as the standard states for the 
calculation of activities using the vapor 
pressure equations of K. K. Kelley.!4 
Other standard states might have been 
employed. Particularly in the alpha 
solid solution ranges, the infinitely 
dilute solutions offer an attractive 
state independent of other deter- 
minations, but this is hardly suitable 
for extension to the other phases. Of 
course it is a simple matter to recalcu- 
late these points on the basis of any 
arbitrary reference state. 

Since the activity coefficients for the 
constituents of two phase alloys depend 
on the location of the phase boundaries, 
it was necessary to assume that the 
diagram for silver-zinc given by An- 
drews, Davies, Hume-Rothery, and 
Oswin!® is correct. This diagram is 


given in Fig 3 with the activities of 
zinc marked on it. Any deviations in 
this diagram will produce errors in the 
computed values given here. This 
problem did not arise in silver-cadmium 
because no two phase alloys were 
studied. 

The few activities reported for solid 
phases in both systems by Schneider 
and Schmid'* are considerably lower 
than those observed here. This may be 
a result of allowing too little time for 
solid diffusion to supply zinc to the 
vapor. This seems especially likely 
since their liquid values seem to be 
quite consistent with the results 
obtained by extrapolating our data to 
the solidus line and with our one liquid 
point on silver-zine. 

It is interesting to examine the alpha 
solid solutions of the systems Cu-Cd, 
Ag-Cd, Ag-Zn, and Cu-Zn from the 
point of view of size factor, electro- 
negativity, and the free energy of 
solution of liquid zinc or cadmium in 
silver or copper. According to Weibke 
and Matthes,!7 the heat of formation 
is least in the case of Cu-Cd and in- 
creases in the order given to Cu-Zn. 
This is also the order for the free 
energy decrease given by Biltz.%8 
The data of Schneider and Schmid?¢ 
also leave little doubt that in the liquid 
phase Cu-Cd shows the least decrease 
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in free energy and Cu-Zn the greatest, 
but Ag-Zn and Ag-Cd are too close to 
separate. Using the Gibbs-Duhem 
equation (see ref. 3), it is possible to 
obtain activities for silver at 25 at. pct 
zinc or cadmium for 700°C. The 
partial molar free energy, AF, of a 
substance relative to some arbitrary 
standard state is given by 


AF; = RT 1n a, [6] 


and the total free energy change for a 
binary solution (a measure of its 
stability) is obtained from this by 


AF = X,AF, + X.F), [7] 


where the X’s are mole fractions. 
Substituting from above this becomes 


AF = RT(X;1na,+ X21naz). [8] 


This is the equation employed in 
calculating AF in Table 3, correspond- 
ing to the reaction 


Ag or Cu (solid) + Zn or Cd 
(liquid) — solid solution (25% Zn 
or Cd)* 


From this table, it appears that the 
stabilities of the Ag-Zn and Ag-Cd 
solutions are nearly identical with 
Ag-Cd slightly favored. 

The size factors for the four systems 
are as follows: Cu-Zn, 1.04; Ag-Cd, 
1.03; Ag-Zn, 1.08; Cu-Cd, 1.16. Only 
Cu-Cd exceeds the 1.15 set as the 
limiting value for extensive solubility. 
This is confirmed by the observation 
that Cu-Cd has an alpha solid solution 
extending to less than 2 at. pct cad- 
mium while the other systems extend 
to 30 to 40 pct. Thus the repulsion due 
to large discrepancies in size makes 
very little free energy available through 
mixing copper and cadmium. Schneider 
and Schmid?® found that liquid solu- 
tions of copper and cadmium show 
positive deviations from ideal be- 
havior while all the other systems 
above give negative deviations. 

The most reasonable measure of 
electronegativity should be the Fermi 
energy of the crystalline metals. The 
differences should give a rough measure 
of the attraction between the com- 
ponents. Using the values of Slater,19 
the following are obtained (in volts): 
Cu-Zn, 1.1; Ag-Cd, 0.8; Ag-Zn, 0.4; 
Cu-Cd, 2.3. Cu-Cd has already been 
eliminated by the size factor, so the 
solutions are favored in the decreasing 
order Cu-Zn, Ag-Cd, Ag-Znas observed. 


* The liquid states of Zn and Cd are used as 
reference states since they are the stable phases 
of the pure metals at the temperatures con- 
sidered. Later in the discussion of short range 
order one of the assumptions requires the use of a 
fictitious solid reference state. 
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Table 1... Vapor Pressure of Silver-Zinc Alloys in the o, 8, ¥ and € 


Fields 
EE nw vo i as et 
Phase T°C Pan P°an a a) 

7.34 At. pet Zn 

liq. 872 9.50 520 0.0183 0.249 

ae: 860 8.25 453 0. 0182 0.248 

a 840 6.55 367 0.0178 0.243 

a 820 5.08 292 0.0174 0.237 

a 800 3.98 233 0.0171 0.233 

a 780 3.05 181 0.0168 0.229 

a 760 2.30 142 0.0162 0.221 
10.53 At. pet Zn 

li. 847 13.00 398 0.0327 0.310 

perk 840 11.93 367 0.0325 0.309 

a 820 9.38 292 0.0321 0.305 

a 800 7.20 233 0.0309 0.293 

a 780 5.46 181 0.0302 0.287 

a 760 4.14 142 0.0292 0.277 

a 740 3.10 108 0.0287 0.273 

a 720 2.28 82.0 0.0278 0.264 

a 700 1.67 60.5 0. 0276 0.262 
17.33 At. pet Zn 

a + liq. 796 14.70 222 0.0662 0.382 

a 780 11.60 181 0.0641 0.370 

a 760 8.55 142 0.0602 0.347 

a 740 6.20 108 0.0574 0.331 

a 720 4,43 82.0 0.0540 0.312 

a 700 3.12 60.5 0.0516 0.298 

a 680 2.20 44.5 0.0494 0.285 

a 660 1.51 32.1 0.0470 0.271 

a 640 1.03 23.0 0.0448 0.259 
23.45 At. pet Zn 

a + lig. 757 11.30 137 0. 0825 0.352 

a 740 8.45 108 0.0782 0.333 

a 720 6.00 82.0 0.0732 0.312 

a 700 4.29 60.5 0.0709 0.302 

a 680 2.98 44.5 0.0670 0.286 

a 660 2.00 32.1 0.0623 0.266 

a 640 1.37 23.0 0.0596 0.254 

a 620 0.90 16.0 0.0563 0.240 
29.65 At. pet Zn 

a 720 9.75 82.0 0.1189 0.401 

a 700 6.82 60.5 0.1127 0.380 

a 680 4.89 44.5 0.1099 0.371 

a 660 3.20 32.1 0.0997 0.336 

a 640 2.13 23.0 0.0926 0.312 

a 620 1.30 16.0 0.0813 0.274 

a 600 0.90 rie 0.0804 0.271 

It is apparent that the size factor 
and electronegativity correlate quite Short Range Ordering 


well in a qualitative way with the 
observed free energies for these metallic 
solid solutions. However, it should be 
emphasized that it is unlikely that 
constants for the pure metals in them- 
selves give an adequate representation 
of the state of these atoms in solution. 
This need not detract from their great 
usefulness which has been demon- 
strated in many instances. 

The similarity in the deviations from 
ideal solution laws in the systems 
Ag-Zn and Ag-Cd to those in Cu-Zn 
suggests that the same considerations 
regarding the progression of structures 
applied earlier to the brasses? should 
also apply here. The progression of 
structures a, 8, y is, of course, very 
similar with only moderate shifts of 
phase boundaries corresponding to the 
quantitative differences in activities. 
The great differences in the free 
energies in the Cu-Cd system are re- 
flected in the very different appearance 
of its phase diagram. 


Our attention has recently been 
called to an error in ref. 2* where 
Eq (18) relating the equilibrium con- 
stant, K, for the reaction of bonds 


A-A + B-B = 2A-B (15) 
to the fraction, x, of bonds which are 


B-B at 25 at. pct B has been mistakenly 
rewritten in Eq (19). 


APE ei i ee hee: 
K= 2x(1 + 22) — series 
(correct) (18) 
_ (iS ikea 
sae 276 EN ack 


(incorrect) (19) 

AF® is the standard free energy for 
reaction (15). 

When the values of x for 25 at. pet 

zinc in copper are recalculated for 

950°C and 700°C, the first approxi- 


* The authors wish to thank Professor C. S. 
Samis of the Univ. of British Columbia for dis- 
covering this error. The equation numbers from 
the earlier paper will be used in this section in 
parentheses. 
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Table 1... (Continued) 


Phase N(a) N(B) re 12) Pe a y(a@) 7(B) 
37.15 At. pet Zn 
a+B 0.3235 0.370 700 9.75 60.5 0.161 0.498 0.435 
a+BsB 0.3295 0.3795 680 T.15 44.5 0.161 0.489 0.425 
ats 0.3355 0.3860 660 5.08 32.1 0.158 0.471 0.410 
a+, 0.340 0.391 640 3.50 23.0 0.152 0.447 0.388 
a+B8,B 0.345 0.395 620 2.28 16.0 0.143 0.415 0.362 
at+fB 0.350 0.400 600 1.47 11.2 0.131 0.374 0.327 
a+Bp 0.354 0.404 580 0.94 7.63 0.123 0.348 0.304 
54.87 At. pet Zn 
(8 + liq.) 0.5487 675 1350: 41.0 0.330 0.600 
B 0.5487 660 10.4 32.1 0.324 0.590 
B 0.5487 640 7.33 23.0 0.319 0.581 
B 0.5487 620 4.95 16.0 0.309 0.563 
B 0.5487 600 3.35 11.2 0.299 0.545 
8B 0.5487 580 2.26 7.63 0.296 0.539 
Bo ¥ 0.5487 0.5923 564 1.58 5.45 0.290 0.529 0.489 
B+y 0.548 0.592 560 1.47 5.08 0.289 0.527 0.488 
B+y 0.542 0.590 540 0.930 3.28 0.284 0.524 0.481 
Bo+y¥ 0.536 0.588 520 0.580 2.10 0.276 0.515 0.470 
B+y¥ 0.531 0.587 500 0.349 St 0.266 0.501 0.453 
B+y¥ 0.527 0.586 480 0.207 0.810 0.256 0.485 0.437 
B+y¥ 0.525 0.585 460 0.119 0.480 0.248 0.472 0.424 
Boy 0.524 0.584 450 0.089 0.365 0.244 0.465 0.418 
Phase (Ny) N(e) FG JP iP? a ¥(y) y(e) 
64.29 At. pet Zn 
oY 64.29 620 8.90 16.0 0.556 0.865 
y+e 63.7 67.8 600 5.78 Pie 0.516 0.810 0.761 
y+e 63.3 67.1 580 3.85 7.63 0.505 0.798 0.753 
of ae 62.8 66.7 560 2.45 5.08 0.482 0.767 0.722 
yte 62.7 66.5 550 1.91 4.08 0.468 0.746 0.703 
yl) 
liquid 700 34.70 60.5 0.573 0.891 
Phase | TG Pan P°Zn a Y 
76.45 At. pet Zn 
€ 500 0.940 Lak 0.718 0.940 
€ 480 0.595 0.810 0.735 0.962 
€ 460 0.335 0.480 0.698 0.913 
€ 440 0.181 0.273 0.662 0.867 
€ 420 0.093 0.153 0.608 0.795 
€ 410 0.067 0.113 0.593 0.776 
. ‘ il For 
mations give s— = (0.0490) and 
204 igs ws - (li 32)? 
c= 5, eT AFURT = SH 
——~ = (0.0435) respectively. ese ie 2 
23.0 ( ) P y = 1 —AF°/RT — (1 — 2x)? 
I She Ae? 


results are in good agreement with 
those of Guttman” calculated from the 
equation of Takagi,” 


(i= 2) 
re — 2c + 2) 
[9] 


x has the same meaning as above, ¢ is 
the atomic fraction of component B 
in the solution, and AF° = N (2va8 — 
vaa — Upp) Where N is Avogadro’s 
number. Eq 9 may then be rewritten 
in exponential form 


Vaa + UBB — 2vaB 


kT “20 


(¢ — #)? 
x(1 — 2c + 2) 


e-AFURT = 


[9a] 


Inserting c = 14, this reduces imme- 
diately to Eq (18). 

Repeating the procedure used in 
ref. 2 for c = % and c = 14 and sub- 
stituting these values in Eq 9a, again 
gave two sets of identical equations. 
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It therefore appears that the methods 
of Birchenall and Takagi are equiva- 
lent for the treatment of short range 
order. 

For calculations of short range order, 
the pure solid materials make the 
most convenient reference states. For 
zinc and cadmium, this involves an 
extrapolation of the vapor pressure 
equations for the solid beyond the 
melting point. In the case of zinc, the 
extrapolation is probably fairly good 
but cadmium is rather uncertain. 
Nevertheless this has been done here 
in determining the activity coefficients 
referred to the solid, approximate bond 
energies, free energies for reaction (15), 
and the short range order for the 
systems Cu-Zn, Ag-Zn, and Ag-Cd for 
700°C and 25 at. pct Zn or Cd. In an 
ideal solution x, the fraction of Zn-Zn 
or Cd-Cd bonds would be 0.0625 (1%), 


Table 2... Vapor Pressure of Alpha 


Silver-Cadmium Alloys 
° Pmm. 
T°C AG P? a | oi 
8.10 At. pet Cd 
880 63.0 2100 0.0300 | 0.370 
860 50.0 1790 0.0279 | 0.344 
840 40.2 1500 0.0268 | 0.313 
820 ey aed 1230 0.0258 | 0.319 
800 24.8 1025 0.0242 | 0.299 
780 19.0 850 0.0224 | 0.277 
760 14.6 695 0.0211 | 0.260 
740 ae 565 0.0196 | 0.242 
720 8.20 445 0.0184 | 0.227 
700 6.00 342 0.0175 | 0.216 
680 4.36 269 0.0162 | 0.200 
660 3.15 203 0.0155 | 0.191 
22.70 At. pet Cd 
800 117 1025 0.1141 | 0.503 
780 90.5 850 0.1064 | 0.469 
760 70.0 695 0.1007 | 0.444 
740 5255 565 0.0929 | 0.409 
720 39.1 445 0.0876 | 0.386 
700 29.0 342 0.0848 | 0.374 
680 21.0 269 0.0781 | 0.344 
660 15.0 203 0.0739 | 0.321 
640 10.5 155 0.0677 | 0.298 
620 7.15 115 0.0622 | 0.274 
600 4.82 85.0 | 0.0567 | 0.250 
580 3.22 62.5 | 0.0515 | 0.227 
34.12 At. pet Cd 
720 130 445 0.292 0.856 
700 96.0 342 0.281 0.823 
680 TEES 269 0.266 0.780 
660 52.8 203 0.260 0.762 
640 40.2 155 0.259 0.759 
620 29.8 15 0.259 0.759 
600 20.1 85.0 | 0.236 0.694 
580 1325 62.5 | 0.216 0.633 
560 8.80 43.7 | 0.201 0.590 
540 5.60 30.4 | 0.184 0.539 
520 3.48 20.8 | 0.167 0.489 


P = pressure of zinc or cadmium in mm. Hg 
over alloy. 


P° =pressure of zinc or cadmium over pure 
liquid metal at the same temperature. 
a = P/P®, the activity of zinc or cadmium. 
y = a/N, the activity coefficient. 


mole fraction of zinc or cadmium. 


but in all three cases it is less than this. 
The tabulation follows (Table 4). 

Using Darken’s” correlation of the 
activity coefficients for solid silver- 
gold solutions and Eq 9, the z’s have 
been calculated for mol fractions 0.25, 
0.50, and 0.75 at 700°C and several 
temperatures along the solidus line. 
Even in this completely isomorphous 
system and so near the melting points 
the ordering is seen to be appreciable. 

The scatter of data did not permit 
estimating the dependence of AF° on 
temperature for reaction (15) for silver 
and gold. Consequently, the mol frac- 
tions and z’s apply to either com- 
ponent, the deviations showing up 
most markedly in the value of x for 
the dilute component (Table 5). 


Summary 


The vapor pressures of cadmium in 
equilibrium with three alloys in the 
alpha solid solution field in silver have 
been measured over a_ temperature 
range of about 200°C. Similar measure- 
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Table 3... Free Energies of Solu- 
tion at 25 At. Pct Zinc or Cadmium 
at 700°C for Ag-Zn, Ag-Cd, and 
Cu-Zn 


System ai ar log a1 log ae AF 


Ag-Zn |0.718/0.0788|—0.144 1,1035|—1710 

Ag-Cd |0.642/0.1060|—0.193 —0.975 |—1730 

Cu-Zn |0.611/0. 0470) —0.214|—1.328 2190 
eee ee 

Note: Subscript (1) refers to Ag and Cu, (2) to 
Zn and Cd. 


ments have been made on nine alloys 
of silver and zinc from 8 to 76 at. pct 
zinc and over a somewhat narrower 
temperature range. These alloys in- 
clude the a, 8, y, and e fields, as well 
as yielding activities along several of 
the liquidus lines. 

The thermodynamic activities and 
activity coefficients have been calcu- 
lated for the volatile component in each 
case. In the silver-zinc system, the 
activity coefficients of two phase alloys 
are based on the phase diagram of 
Andrews, Davies, Hume-Rothery, and 
Oswin. 

At 700°C and 25 at. pct, the free 
energies of solution for liquid zinc 
and cadmium in solid silver have been 
computed for comparison with those 
of copper-zinc. The free energies of 
these systems have been compared with 
each other and copper-cadmium with 
respect to size factor, electronegatiy- 
ities and the progression of stable 
phases in the phase diagram. 

The methods for calculating short 
range order developed by Birchenall 
and Takagi have been shown to lead 
to identical results. Application has 
been made to the alpha solid solutions 
of silver-zinc, copper-zinc, and silver- 
cadmium at 700°C and 25 at. pct 
zinc or cadmium and to the silver-gold 
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Table 4. 


_. Short Range Order and Bond Energies for Cu-Zn, Ag-Zn, 


Ag-Cd at 700°C and 25 At. Pct Zn or Cd 
a ee EE 


Alar ME eSB 
System (Stabilization aed see over AF° | EXinoned 
Cu-Zn B = Cu 264. cal per mol of bonds +1116 cal per mol of bonds 0.0435 
Zn 852 
Ag-Zn Ag 54.5 — 699 0.0503 
Zn 644 
Ag-Cd Ag 202 — 738 0.0492 
Cd 536 
Sa a nee 


Table 5... Short Range Order in 
Silver-Gold Alloys 


a (calculated) 


Atom be 
Fraction | (ideal) 


700°C | 990°C | 1015°C | 1040°C 


0.25 |0.0625)0. 0532/0. 0553 
0.233 |0.237 
0.553 |0.555 


0.237 
0.555 


0.555 


system. These calculations indicate a 
greater proportion of A-B bonds than 
would be present in ideal solution. 
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of Minus Sixty-five and 
Twenty Mesh Magnetite 
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Introduction 


The MacIntyre Development of the 
National Lead Co. is located at 
Tahawus, N. Y. The operations in- 
volve the mining and concentrating 
of a titaniferous iron ore to produce an 
ilmenite concentrate and a magnetite 
concentrate. 

Construction of the MacIntyre plant 
was commenced during the summer of 
1941,when world conditions threatened 
to cut off the supply of Indian ilmenite. 
An open pit mining operation was de- 
veloped and the crushing and milling 
equipment put in operation in July 
1942. A general description of the oper- 
ation was given in the Adirondack 
Issue of Mining and Metallurgy for 
November 1943. The metallurgy of the 
mill operation was described by Mr. 
Frank R. Milliken,* Plant Manager, 
National Lead Company, MacIntyre 
Development, and presented at the 
AIME New York Meeting, February 
1948. 

The magnetite concentrate produced 
in the milling operation was too fine 
(minus 20 mesh) to be used directly in 
iron blast furnace operation, and most 
of the magnetite had to be stockpiled 
in 1942 and 1943. 

In 1943, the Defense Plant Corp. 
built a Greenawalt sintering plant at 
Tahawus, N. Y., to put the magnetite 
concentrate in a more suitable form for 
use in the iron blast furnace. 

The Greenawalt sintering plant con- 
sists of three 10 by 25 ft sintering pans 


* Frank R. Milliken: Metallurgy at National 
Lead Company. TP 2355, AIME Mining Tech. 
(May 1948). . 
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designed to produce 1800 gross tons of 
sinter per 24 hr. The vacuum to each 
pan is produced by two Greenawalt 
fans in series, pulling approximately 
30,000 cu ft of air per minute at 50 in. 
water gauge vacuum. The plant started 
operation in August 1944. The present 
plant production averages 25 tons per 
operating pan hour (approximately 224 
Ib per operating hour per square foot 
of grate area) of plus 1 in. sinter. 

Raw feed to the plant consists of 
61 pct magnetite, 4 pct anthracite coal 
culm, and 35 pct minus 1 in. return 
fines which are conveyed to a pug mill 
where the materials are mixed thor- 
oughly and water added to give the 
mixture 5.5 to 6 pct moisture. The 
mixed prepared feed is conveyed to two 
4 by 10 ft vibrating screens where the 
minus | in. plus 5 in. return fines are 
screened out and discharged into a 
surge bin for use as a hearth layer. 
The minus 5¢ in. prepared feed is dis- 
charged into another surge bin for use 
as prepared feed. 

A charge car, electrically operated, 
having a capacity of one charge of 
prepared feed and several charges of 
hearth layer, lays a thin layer of plus 
5¢ in. return fines and 914 in. depth of 


San Francisco Meeting, February 
1949. 

TP 2597 BC. Discussion of this 
paper (2 copies) may be sent to Trans- 
actions AIME before Aug. 1, 1949. 


Manuscript received Noy. 27, 1948. 
* General Engineer and Sinter Plant 


Superintendent, respectively, Mac- 
Intyre Development, Titanium Divi- 
sion, National Lead Co., Tahawus, 
N. Y. 


prepared feed into the pans. A fluffing 
roll and a vibrator on the car fluffs and 
spreads the prepared feed into the pans. 

An ignition car, electrically oper- 
ated, ignites the top of the bed with a 
30 sec flash burn. The 914 in. bed sin- 
ters in approximately 13 min. Dumping 
the pan, and recharging and igniting 
the bed requires 2 min. 

To improve the quality of the 
ilmenite concentrate produced in the 
mill and to reduce the amount of 
titanium dioxide lost in the mill tail- 
ings and in the magnetite product, ex- 
tensive research work and pilot plant 
operations have been done on grinding 
the crude ore to minus 65 mesh size 
(rather than to minus 20 mesh) and 
concentrating it by a combination of 
magnetic separation (for magnetite re- 
covery) and flotation (for ilmenite re- 
covery). These tests have proved 
successful in increasing ilmenite re- 
covery and grade. 

With the development of the ilmenite 
flotation process to a stage where a full 
scale flotation plant was in the design 
stage, the problem arose of handling 
the 65 mesh magnetite concentrate that 
would be produced. In order to study 
and solve the problems of handling and 
sintering the 65 mesh magnetite in the 
sinter plant, a pilot sinter plant was 
secured from John E. Greenawalt. 

The effect of using 65 mesh magne- 
tite in the sintering operations was 
then studied on the 2.4 sq ft test pan, 
operating under conditions as similar 
to the large plant as could be set up in 
the laboratory. 

A series of tests were run in the test 
pan on present sinter plant feed that 
had been mixed in the plant pug mill. 
An average production and an average 
quality of sinter produced in this series 
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FIG 1—Sinter pan and kerosene burner. 


of tests was established as a “‘Stand- 
ard’’ (8.8 lb per min) to compare the 
sintering of minus 20 mesh magnetite 
with that of minus 65 mesh magnetite. 

The high points on each series of 
tests were repeated twice as a check 
on the original, to be sure that some 
unknown variable did not cause the 
change in the sintering performance. A 
test run of 10 pans was made on the 
mixture found to give the best produc- 
tion and quality. 


Proeedure 


The pilot sinter plant included a 
sintering pan 2034 by 1634 in. and 
9 in. deep, an ignition hood, a pressure 
kerosene burner for ignition, a dust 
collector, and a 400 cfm vacuum fan 
rated at 54 in. of water (see Fig 1 and 2 
for instrument panel, sinter pan and 
kerosene burner). 

Vacuum was recorded on a Bristol 
meter, and exhaust temperatures were 
read from an electrical pyrometer. 

Magnetite of 65 mesh was prepared 
by grinding stockpile (20 mesh) mag- 
netite, to the desired size, in a batch 
ball mill, and filtering in a laboratory 
pressure filter, Table 1. 

The moisture obtained by this method 
of filtering was too high for pilot plant 
use (averaging about 9 pct) and it was 
necessary to dry a portion of the mag- 
netite prior to its use in the sintering 
operation. 

For the final “‘ production run”’ tests, 
rod mill screen undersize (20 mesh) was 
ground to 65 mesh, and the mag- 
netite was concentrated in a laboratory 


Crockett. 

Coal was obtained from the sinter 
plant stockpile, and when necessary, 
ground in a ball mill to the desired 
size. After several tests had to be dis- 
carded because of poor results caused 
by coal with high ash content, all coal 
samples were submitted to the labora- 
tory for ash determination. In order to 
eliminate one variable, only coal with 
a 10 pct or less ash content was used 
in the test work. 

Sawdust, when needed, was obtained 
from local mills; limestone and slaked 
lime were obtained from the Chazy 
Lime and Stone Co. 

The return fines, unless otherwise 
noted, were obtained by crushing plus 
lin. sinter, produced in the pilot plant, 
in a jaw crusher and rolls and screening 
it to the desired size on a laboratory 
vibrating screen. 

Screens for screening the sinter were 
made locally, as were sample racks and 
storage bins for the raw materials. A 
14 yard gasoline concrete mixer was 
connected to an electric drive and used 
for the mixing of all batches. Balances 
and a hot plate were provided for 
moisture determinations, and an elec- 
tric clock with a sweep second hand 
was used for timing the tests. 

A group of five persons was found to 
be the most efficient, as continuous 
test work required constant work by 
one man grinding magnetite and coal, 
one man preparing sized return fines, 
two men preparing batches for burning, 
and one man completing the necessary 
calculations and paper work. The last 
three men were required when the 
batches were burned. 


Table 1. . . Screen Analysis of Magnetite Products 


+100 +150 | +200 


+28 +35 +48 +65 —200 
QOMDESH cian hs coe ss 8.3 16.4 LSD 14.8 Te 9.2 5.2 14.5 
Goimeshzyierys figs oalhee 3.0 11.2 19.8 15.8 50.2 


Note: All references to 65 and 20 mesh magnetite refer to minus 65 and minus 20 mesh material. 
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FIG 2—Instrument panel. 


Each batch mixed contained enough 
material for two tests. The charge was 
calculated in advance. A weighted mix- 
ture of dry and filtered magnetite was 
added to the mixer. This material was 
then mixed for 5 min and a moisture 
determination made. Using this mois- 
ture it was possible to calculate the 
exact amount of magnetite that had 
to be removed or added to the mixer 
to leave the required weight of mag- 
netite at 5 pct moisture. 

Then the remaining materials were 
added dry, and the necessary amount 
of water to provide the required mois- 
ture was sprinkled, with a sprinkling 
can, into the revolving mixer. When 
trouble with pellet formation occurred, 
the procedure was changed so that the 
necessary water was added to the re- 
turn fines, and then the wet returns 
were added to the mixer. The latter 
method was more satisfactory. 

Each batch, unless otherwise noted, 
was mixed for 5 min again. 

A 15 lb bedding charge (minus | in. 
plus 14 in. sinter) was added to the 
pan for each burn. This gave a bedding 
depth of 1 in. Then the sinter pan was 
filled, with a weighed amount of mix, 
and dumped by hand through a 1 in. 
screen. The bed then was made level 
by scraping off the excess material. 
The weight of the mix in the pan was 
obtained by difference. The ignition 
hood was lowered into place over the 
pan, and the pressure kerosene burner 
was ignited, as the vacuum was turned 
on, and ignition took place for 30 sec. 
The hood was then raised. A record 
was made of the exhaust temperature 
as the burning proceeded and vacuum 
was recorded continuously with the 
Bristol meter. When the bedding on 
the grate bars glowed red (viewed by 
means of a mirror mounted to make the 
grates visible through a hole covered 
with glass in the bottom of the pan) 
the vacuum was turned off and the 
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sintered charge was dumped by in- 
verting the pan. 

The results of the first pan of the 
mix were usually poor because a cold 
pan did not approximate actual oper- 
ating conditions. The second, or hot 
pan, gave results that could be com- 
pared more directly with sinter plant 
practice. 

After each pan was burned, the ma- 
terial was passed over a 1 in. Ty-Rock 
screen three times. The material re- 
maining as plus 1 in. was ‘‘sinter.” 
The minus 1 in. material was passed 
over a 14 in. Ty-Rock screen twice, and 
the plus }4 in. material was ‘‘ bedding.” 
The remainder of the material (minus 
¥g in.) was “‘return fines” (note: in all 
references to return fines in this paper, 
the bedding is excluded). 

In order to have a strength com- 
parison of the sinter formed by various 
mixes, a ‘‘quality”’ figure was initiated. 
This figure was determined by screen- 
ing the cold (the plus 1 in. sinter was 
allowed to air cool overnight) sinter in 
the same manner as above. The weights 
of the plus 1 in. and the plus }4 in. 
were combined, and this total weight 
was divided by the weight of the hot 
lin. sinter to obtain relative “‘ quality.” 

Cycle time was figured by adding 
2146 min to the burning time to allow 
for dumping and recharging the pan. 
Theoretical production in pounds per 
minute was determined by dividing the 
pounds of plus 1 in. sinter by the cycle 
time. In quite a few tests the amount 
of bedding and return fines produced 
was not sufficient for repeat opera- 
tions. Because of this some of the plus 
1 in. sinter had to be taken to provide 
the amounts of these materials needed. 
Actual production was then the weight 
of plus 1 in. sinter remaining after 
bedding and return fines requirements 
were met, divided by cycle time. 


Discussion of Factors 
Investigated 


The following factors were investi- 
gated during the test period: 

(1) return fines, (2) coal, (3) mois- 
ture, (4) slaked lime and miscellaneous 
reagents, (5) oxidation, (6) limestone, 
(7) sawdust, (8) pellets, (9) “‘dust,”’ 
(10) mixing time, and (11) production 
runs. 


RETURN FINES 


As far as is known, there is no sinter 
plant in the United States that em- 
ploys sized return fines as a necessary 
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FIG 3—Results of return fines series. 


metallurgical requirement for its oper- 
ation. Mr. Worm Lund, on a visit to 
MacIntyre from Sweden, suggested the 
possibility of sized return fines in the 
sintering of 65 mesh magnetite. 

In the test plant at 20 mesh, return 
fines were not necessary for the produc- 
tion of good sinter. In many cases the 
return fines were detrimental to test 
plant production. This is especially 
true when the returns consisted mainly 
of raw magnetite, coal, and dust from 
the dust collectors. 

For sintering 65 mesh and finer mag- 
netite, return fines are absolutely neces- 
sary for sinter production. If efficient 
operation and economical sinter are to 
be had, it is necessary to have these 
return fines fall within definite size 
ranges. The secret of sintering fine con- 
centrates is to obtain proper porosity 
in the ‘‘bed”’ so that air can be uni- 
formly distributed throughout and 
burning can progress. 

A series of tests were run using minus 
V4 in. plus 3; minus 3 plus 6, minus 6 
plus 10, minus 10 plus 20, minus 10 
plus 35, and minus 20 plus 35 mesh 
return fines. The best results were ob- 
tained from the minus 10 plus 35 mesh 
tests. Because of the difficulty that 
would be incurred by screening to these 
close sizes, a series was run using minus 
¥ in. plus 0, minus 3 plus 0, minus 6 
plus 0, and minus 10 plus 0. The re- 
sults of this series can be seen in Fig 3. 
These tests were run with 4.0 pct coal 
and 25 pct return fines. 

As can be seen (Fig 3) the best re- 


sults were obtained using minus 10 
mesh plus 0 return fines. The best per- 
centage of this size return fines was 
determined by a series of tests (Fig 4). 
The results were satisfactory only as 
long as the minus 35 mesh portion did 
not exceed 25 pct of the total return 
fines weight. (This then would give a 
calculated minus 10 plus 35 mesh re- 
turn fines figure of 18.75 pct of the 
total weight of the charge.) 

A study of the results obtained using 
various amounts and sizes of return 
fines indicated: 

1. Proper porosity is essential in pro- 
ducing sinter economically: 

a. Too much porosity causes 
too rapid burning and re- 
sults in poor sinter. 

b. Insufficient porosity in- 
creases the burning time 
beyond economic limits. 

2. Excess returns weaken the sinter 
and cause a drop in production. 

3. By proper control of the size and 
amount of returns it should be possible 
to sinter magnetite finer than 65 mesh. 

4. More efficient sinter plant opera- 
tion could be obtained if the dust from 
the dust collectors and the finer por- 
tion of the returns were returned to the 
original source of sinter plant feed (for 
example: to magnetite filter). 

A 20 mesh magnetite will sinter with- 
out the addition of return fines, pro- 
viding adequate bedding is supplied, 
but blast furnace operations object to 
fines; this requires that the fine mate- 
rial be screened out and recirculated. 
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4—Results of various percentages of 
minus 10 plus 35 mesh returns. 
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FIG 5—Effect of various percentages 
of anthracite culm 4 and 5 buckwheat 
coal on sinter production using 65 mesh 
magnetite. 


COAL 


Coal is used in MacIntyre sintering 
as the most economical local source of 
carbon. 

The amount and size of coal used 
is an important factor in a sintering 
operation. 

As can be seen in Fig 5, 4.0 pet coal 
produced the best results in sintering 
65 mesh magnetite. Both greater and 
lesser amounts of coal tended to slow 
the burning time and reduce the pro- 
duction of sinter. Insufficient coal did 
not produce enough heat for proper 
sintering and excess coal caused too 
high a temperature, resulting in slag- 
ging and overoxidation with resultant 
poor sinter. This overoxidation was 
caused by an oxidizing atmosphere, 
and while reduction may have taken 
place during the initial phases of the 
burning, the final result was excess 
oxidation. 

On the theory that coal used in sin- 
tering should be approximately the 
same particle size as the magnetite, 
the coal for the sintering tests was 
ground to 65 mesh. This fine coal, at 
first, seemed to help sinter production, 
but sawdust was being used in con- 
junction with it. As testing progressed, 
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FIG 6—Effect of various mesh sizes of coal on sinter production using 
65 mesh magnetite. 


satisfactory results were not obtained, 
and it was decided to test various sizes 
of coal. These tests (Fig 6) proved that 
fine coal, rather than help, did much 
to deter good sinter production. The 
No. 4 and 5 buckwheat anthracite 
culm, as received for 20 mesh sinter- 
ing, gave excellent results and made it 
possible to eliminate sawdust from the 
mix. 

The fine coal tended to plug most 
voids, and made proper air flow im- 
possible. The coarser coal left large 
voids as it burned, causing lower 
vacuum and faster burning time. 


MOISTURE 


The amount of water that can be 
added to a 65 mesh magnetite ‘‘mix’’ 
is limited. The ‘‘mix”’ will sinter, if all 
other proportions are correct, at a 
moisture between 6 and 8 pct, with 
the best results obtained at 7.5 pct 
moisture (Fig 7). 


9.0 


8.0 


PRODUCTION OF SINTER 
“ (LBS, PER MIN) 


70 


6.0 


5.0 6.0 7.0 8.0 9.0 10.0 
PERCENT MOISTURE 


FIG 7—Effect of various percentages of 
moisture on sinter production with 65 mesh 
magnetite. 


If the moisture is too high, the mix 
becomes semifluid and it is impossible 
to draw air through the bed. Thus, 
ignition is impossible. If the moisture 
is low, holes tend to form as the ma- 
terial is pulled through the grates. The 
air, following the path of least resist- 
ance, is drawn through the holes and 
thereby short-circuits the bed. Poor 
burning results and less sinter is 
produced. 

With 20 mesh magnetite, a wider 
moisture range is possible. Good sinter 
was produced with a moisture as low 
as 3 pet, and as high as 8 pct. How- 
ever, with 20 mesh magnetite, the per- 
centage of moisture required is closely 
related to the amount of dust present 
in the returns. If there were more than 
35 pct of minus 35 mesh material in the 
return fines, it was necessary to use a 
moisture of 7.5 pct (production with 
the same mix at 7.5 pct moisture was 
10.8 lb per min and at 6.0 pct mois- 
ture, production was 9.6 lb per min). 
If the returns contain less than 35 pct 
minus 35 mesh material, best results 
are obtained with a 6 pct moisture. 


SLAKED LIME AND 
MISCELLANEOUS REAGENTS 


In an effort to reduce burning time, 
and thus increase production, slaked 
lime was added to the charge. A 10 pct 
increase in production was obtained 
with the addition of 0.7 pct lime to 
the 65 mesh mix (Fig 8). 

If an excess of lime is added, the 
charge will burn hot and fast, with 
little sinter being produced. It is 
thought that the lime causes an in- 
crease in the surface tension of the 
water. With this higher surface tension, 
the water would fill less voids in the 
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Table 2... . Effect of Lime on Varying Amounts of Coal 


Production | Cycle | Temperature Vacuum In. of Water 
(Lb per Time | Exhaust Gas | Quality Per Cent 
Min) (Min) Degree C ime 
Start End 
With 3 pct coal... 5.5 220 520 81.5 6 
i ves : ; 2 ; 1 
With 4 pct coal... 11.0 10.0 325 82.2 57 33 0.78 


NN EE ED 


Table 3... . Effects of Various Reagents on 65 Mesh Magnetite Sinter 
eee a eee ee ee SNetite inter, 


Per Cent Production, Per Cent Plus : Cycle Tim 
Reagent Reagent Lb per Min 1 In. Sinter Quality / (Min) " 

Standard Retitecaie ae sleaamee ote ee ees 9.0 65.1 78.9 ISO 

TAO Sree ier a oes oer otaes eh aos ply muse a 0.7 9.9 63.6 78.0 11.5 
Detergents .2 canon 0.005 | 8.1 64.2 86.0 15.0 
lec acid sie ents nes) 10.05 (would not burn) : 
Calcium chloride............... 2.0 9.7 61.4 74.8 12.0 
Pineloilve asec tees oe.) 0.08) 54 52.2 88.2 20.5 
ANC SLOALALC ON ye ce catia es > 0.5 (would not burn) 
pNeeenena) AURIS cect rife ++ | OFS: 5.8 54.8 78.9 18.0 


mix, thus leaving greater and more 
numerous voids than possible with un- 
adjusted water. With more numerous 
voids, a greater volume of air was 
drawn through the bed, lowering the 
vacuum, decreasing the burning time, 
and causing a higher burning tempera- 
ture. The addition of excess lime in- 
creased the surface tension to such an 
extent that an excess volume of air 
was drawn through the charge, causing 
such rapid and hot burning that little 
sinter was produced. 

If the percentage of lime was held 
constant and the coal percentage 
dropped, less sinter was formed because 
of higher burning temperatures. Higher 
burning temperatures slag the sinter. 

The results of Table 2 show that 
with 3 pct coal and 0.75 pct slaked 
lime, the mix burned hotter, and gave 
poorer results than those obtained 
using 4 pet coal and 0.75 pct slaked 
lime. This can be explained by the 
knowledge that a higher percentage of 
carbon causes excess slagging. This slag- 
ging reduces the amount of voids, and 
this tends to slow the burning rate. 
This shows, again, how ‘critical the 
addition of lime would be in actual 
plant practice. If lime were added in 
excess, production would drop. If the 
amount of lime remained constant and 
the percentage of carbon dropped, pro- 
duction would again drop. Thus, if lime 
is used in actual plant practice, efficient 
metallurgical and quantity controls 
must be provided. 

In order to check the surface tension 
theory, a series of tests were made using 
the following reagents (Table 3): (1) 
detergent (“‘Dreft’’), (2) oleic acid, (3) 
calcium chloride, (4) pine oil, (5) zinc 
stearate, and (6) aluminum dust. 

It is known that a detergent reduces 
the surface tension of water. Thus, if a 


JULY 1949 


detergent is added to the mix, a poorer 
sinter should result, because with a 
lower surface tension, the water would 
fill more voids. The results obtained by 
test work checked with this idea. When 
50 g of detergent were added to the 
mix, the mix became “ putty-like”’ in 
appearance and semifluid in nature. 
The sized return fines were completely 
disintegrated when they were placed in 
water containing a detergent. When 
this mix was added to the pan it was 
impossible to draw air through it, and 
thus it could not be ignited. 

Calcium chloride, which gives a sub- 
stantial increase in the surface tension 
of water, was next added to the mix. 
The calcium chloride decreased the 
burning time, but produced a weak 
sinter. The sinter cake actually ex- 
panded during burning when calcium 
chloride was in the mix. Why this ex- 
pansion took place is unknown. Cal- 
cium chloride could not be used in 
sinter plant operation because of the 
large amounts of chlorine gas liberated 
during the burning; however, it was 
used in the pilot plant because it was 
known to increase the surface tension 
of water. 

All other reagents tried gave poor 
results. 


OXIDATION 


For a short while during the test 
work, it was thought that the oxida- 
tion of the FeO to FeO; was an im- 
portant factor in strong sinter. To 
check this point many assays were 
made on magnetite feed, and sinter 
produced from this magnetite. As a 
result of a study of these assays it is 
thought that oxidation to a certain 
extent does produce stronger sinter by 
causing the iron molecules to share oxy- 
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FIG 8—Effect of various percentages of 
slaked lime on sinter production with 65 
mesh magnetite. 


gen atoms. When oxidation progresses 
too far, the iron is oxidized completely 
and no longer shares oxygen atoms, 
thus producing weaker sinter. When 
oxidation is low, there is little sharing 
of oxygen atoms and again the sinter is 
weak. 


Table 4... Effects of Oxidation 
upon Quality of Sinter 


Magnetite Sinter 
Qual- 
ity 
Fe | FeO | Fe20;3 | Fe | FeO | Fe2Os 
57.0 131.04] 46.99 |56.8/21.78| 57.06 | 75.8 
56.7 |31.61] 45.91 |56.0/16.52] 61.68 | 87.8 
56.5] 9.63] 70.05 | 72.8 


58.0 |32.33] 46.97 


Table 4 is representative of the 
average assays completed, and shows 
weaker sinter on both the high and 
low oxidation samples. 


LIMESTONE 


Because of the cheaper costs of lime- 
stone compared to slaked lime, it was 
thought desirable to check the effects 
of limestone in the ‘‘mix.” The lime- 
stone was sized from minus 6 plus 10, 
minus 10 plus 20, minus 20 plus 35, 
and minus 35 plus 65 mesh. In no case 
did the limestone help. This was prob- 
ably caused by the fact that the heat 
necessary to slake the lime evaporated 
all the moisture before the limestone 
was slaked, and thus the effect of the 
slaked lime on the water was lost. 


SAWDUST 


Sawdust was helpful when 65. mesh 
coal was used in the mix. The sawdust 
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FIG 9—Effect of various percentages of 
sawdust on sinter production with 65 mesh 
magnetite. 


had a tendency to “fluff” the mix in 
the pan, and it also made voids for air 
passage as the mix was burned. Fig 9 
shows a high point for sawdust addi- 
tion. As the percentage of sawdust was 
increased above 5, the mix burned very 
hot and fast and sinter production 
dropped. Sawdust elimination simpli- 
fied the general problem because of the 
difficulties that its handling would have 
entailed if it were needed for 65 mesh 
magnetite sintering. The use of No. 4 
and 5 buckwheat coal eliminated the 
need for sawdust. 


PELLETS 


A rotary mixer was used for pilot 
plant mixing. During the mixing of 
some batches, pellets were formed by 
magnetite building up around particles 
of return fines. The coarser the return 
fines, the larger the pellets would be- 
come. These pellets interferred with 
sinter production by causing short- 
circuiting of air around them because 
they had no porosity. Therefore they 
were unable to be sintered. The pellets 
were baked by the heat around them, 
but crumbled when subjected to the 
slightest pressure. No figures were ob- 
tained and the only method of making 
these determinations was by visible 
observation. 

In sinter plant operation, pug mills 
are used for mixing and this problem 
should not occur. However, if pellets 
do form, some method to eliminate 
them must be provided. This does not 
infer sintering of a completely pellet- 
ized charge was undertaken. In all 
cases the pellets were mixed with un- 
pelletized material, and under such 
conditions, were detrimental. 
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DUST 


Dust is defined in this test work as 
material in the return fines, less than 
65 mesh for 20 mesh magnetite sinter 
and minus 200 mesh for 65 mesh mag- 
netite sinter. After it was known that 
excess fine material would reduce sinter 


* production with 65 mesh material, tests 


were made to determine what effects 
‘“‘dust’’ would have on minus 20 mesh 
material. It was found that if the 
moisture was increased as the percent- 
age of ‘‘dust”” increased, the amount of 
‘“‘dust”’ in the “‘mix’’ had little effect 
on sintering of 20 mesh magnetite. 


MIXING 


Early in the project, several mixing 
tests were run using pug mill discharge. 
When this material was further mixed 
in the rotary mixer, a sharp production 
increase was noted. This mixing was 
checked again at the end of the project, 
and no increase in production could be 
attained by further mixing. In some 
cases production fell off after additional 
mixing, probably caused by water fill- 
ing the voids in the return fines. It is 
thought that the pug mill blades, and 
other plant conditions were responsible 
for the poor results obtained during the 
first testing, but with the pug mills in 
good shape, as far as blade wear is con- 
cerned, a complete mix should be 
attainable. It was found that a 5 min 
rotary mix, after the magnetite had 
been brought to the correct moisture, 
gave the best results for rotary mixing 
in the test plant. 


PRODUCTION RUNS 


When the test work was completed 
it was necessary to test the best re- 
sults. For this purpose, several pans 
were burned in rapid succession to see 
how the ‘mix’? would react in a hot 
pan over a period of time. The recom- 
mendations made were on the basis of 
the production run results. 


Conclusions 


The best quality and quantity of 
sinter on this test pan were obtained 
with the following mix: 

4.0 pct coal 
25.0 pct return fines'(minus 10 mesh 
plus 0) 
(at least 18.75 pct 
minus 10 mesh plus 
35 mesh) 
70.3 pet magnetite (minus 65 mesh size) 


0.7 pct slaked lime. 

The average production on the test 
pan with the above “‘mix”’ was 9.9 lb 
per min or 246 lb per hr per sq ft of 
grate area. This is slightly higher than 
average production in the sintering 
plant pans on minus 20 mesh magnetite. 

The pilot plant work indicates that 
minus 65 magnetite can be sintered in 
the sinter plant if close control can be 
maintained over the following items: 

1. Adequate amount of bedding ma- 
terial (minus 1 in. plus 14 in. return 
fines for hearth layer. 

2. Sized return fines (minus 10 mesh 
plus 0). 

3. Anthracite coal (size and moisture 
percentage). 

4. Moisture percentage in the ‘“‘mix.”’ 

5. Magnetite (moisture percentage). 

6. Percentage of magnetite, coal, 
lime, and return fines in the prepared 
feed to the plant. 

The results obtained in the sinter 
testing show that a more accurate 
metallurgical control on overall oper- 
ation will be necessary for sintering 
minus 65 mesh magnetite than is 
needed in present plant operation for 
sintering minus 20 mesh magnetite. 

Before the present sintering plant 
can handle minus 65 mesh magnetite, 
the plant flowsheet will have to be 
changed to include the conveying, cool- 
ing, screening, storing, and weighing of 
both return fines and bedding material. 

Because of the difference between 
the size of the test pan (2.4 sq ft 
grate area) further development work 
will be needed in the sintering plant. 
A production run of at least two 
months would be required on minus 
65 mesh magnetite to study the effect 
of the finer mesh size magnetite on 
the operation and maintenance of the 
plant. 
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The importance of dissolved oxygen 
as a principal reagent in the-refining of 
liquid steel and the necessity for its re- 
moval in the finishing of many grades 
have stimulated numerous studies of 
its chemical-behavior in the steel bath. 
From the thermodynamic viewpoint 
the essential data are those which de- 
termine the free energy of oxygen in 
solution as a function of temperature 
and composition of the molten metal. 
A number of experimental studies have 
been reported in recent years from 
which the free energy of oxygen in iron- 
oxygen melts can be obtained with a 
fair degree of accuracy for tempera- 
tures not too far from the melting 
point. Certain discrepancies remain, 
however, which imply considerable un- 
certainty at higher temperatures; also 
several sources of error were recog- 
nized in the earlier studies. It has been 
the object of the experimental work 
reported in this paper to reexamine 
these sources of uncertainty and to 
redetermine the equilibrium condition 
in the reaction of hydrogen with oxygen 
dissolved in liquid iron. 

The reaction and its equilibrium con- 
stant are: 


H, (g) + O = H.0 @); 


PH20 
Ene Pu X % O o 
Here the underlined symbol O designates 
oxygen dissolved in liquid iron. The 
activity of this dissolved oxygen is 
known to be directly proportional to 
its concentration!? and is taken as 
equal to its weight percent. 
The closely related reaction of dis- 
solved oxygen with carbon monoxide 
has also been investigated :* +° 


CO g) + O = CO &); 


" Pco2 : 
; = ———~ [2 
K, Pco SS % O [ ] 


The two reactions are related through 
the water-gas equilibrium: 
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H» (g) + CO: (g) = CO (g) + HO (g); 


R Poco X Pr.0 

Ra= Pm X Pcoz [3] 
and with the aid of the accurately 
known equilibrium constant of this 
reaction, it has been shown® that the 
experimental data on reactions |1] and 
[2] are in fairly good, though not exact, 
agreement. 


Experimental Method 


Great care was taken to avoid the 
principal sources of error of previous 
studies, namely, gaseous thermal dif- 
fusion and temperature measurement. 
The apparatus was designed to provide 
controlled preheating of the inlet gases 
and to permit the addition of an inert 
gas (argon) in controlled amounts, two 
measures found to be essential for 
elimination of thermal diffusion. A 
known mixture of water vapor and 
hydrogen was obtained by saturating 
purified hydrogen with water vapor at 
controlled temperature. This mixture, 
with the addition of purified argon, was 
passed over the surface of a small melt 
(approximately 70 g) of electrolytic 
iron in a closed induction furnace. After 
sufficient time at constant temperature 
for attainment of equilibrium the melt 
was cooled and analyzed for oxygen. 
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GAS SYSTEM 


A schematic diagram of the appara- 
tus is shown in Fig 1. Commercial 
hydrogen is led through the safety 
trap T and the flowmeter F. The cat- 
alytic chamber C, held at 450°C, was 
used to convert any oxygen into water- 
vapor. A by-pass B with stopcocks was 
provided so that the hydrogen could 
be introduced directly from the tank 
to the furnace when desired. From the 
catalytic chamber the gas passed 
through a water bath W, kept at the 
desired temperature by an auxiliary 
heating unit, so that the gas was bur- 
dened with approximately the proper 
amount of water vapor before it was 
introduced into the saturator S. 

All connections beyond the catalytic 
chamber were of all-glass construction. 
Those connections beyond the water 
bath were heated to above 80°C to pre- 
vent the condensation of water vapor. 
After the saturator, purified argon was 
led into the steam-hydrogen line at J, 
and finally the ternary mixture was in- 
troduced into the furnace. 


THE SATURATOR 


The saturator unit comprised three 
glass chambers, as shown in Fig 1, the 
first two chambers packed with glass 
beads and partially filled with water, 
and the third empty. Each tower had a 
glass tube with a stopper attached for 
the purpose of adjusting the amount of 
water in it. The unit was immersed in a 
large oil bath, which was automatically 
controlled with the help of a thermo- 
stat relay to constant temperature, 
+0.05°C, using thermometers which 
had been calibrated against a standard 
platinum resistance thermometer. The 
performance of the saturator over the 
range of experimental conditions was 
checked by weighing the water ab- 
sorbed from a measured volume of 
hydrogen; the observed ratio was al- 
ways within 0.5 pet of theoretical. 
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FIG 1—Diagram of apparatus. 
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A- Alundum Crucible 
Containing Melt 
B-Induction Coil, i6 Turns 
K C-Preheater -tube 
(Alundum) 
L D-Platinum-Coil Preheater 
E- Quartz tube, + in. O.D. 
M F-Asbestos Gasket 
G- Terminal Preheater - 
Coil 
N H-Rubber Gasket 
J-Sight Glass 
K-Brass Top 
(Water- Cooled ) 
ie) L-Rubber Ring 
B M-Insulating Sleeve 
(Alundum) 
N-Glazed Quartz Tube, 
24in. long, 2 in. |.D. 
O-Insulating Thimble 
P (Alundum) 
P- Outer Crucible (Alun.) 
Q- Supporting Tube (Alun) 
Q R-Stainless Steel Tube 
S- Brass Bottom 
(Water - Cooled) 
T-Rubber Gasket 
U-Supporting Discs 
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FIG 2—Furnace arrangement. 


FURNACE ARRANGEMENT 


The furnace arrangement is shown in 
Fig 2. A glazed-surface silica tube JN, 
24 in. long and 2 in. id, was used 
throughout. It worked satisfactorily 
and was impermeable to gases at ele- 
vated temperatures. The furnace was 
equipped with water-cooled brass top 
K and bottom S and rubber gaskets L. 
The brass head K was fitted with a 
sight glass J made of pyrex glass, 14 in. 
diam and 1/¢ in. thick. A gas inlet and 
outlet were provided at the top and 
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bottom of the furnace respectively. A 
small silica tube, 14 in. od and 5 in. 
long, was used to carry the mixture 
into the furnace. It was fixed to the 
furnace head by means of an asbestos 
gasket F. The preheater tube C was 
suspended from the small silica tube. 

The alumina crucible A was placed 
inside an outer alundum thimble P, 
resting on an alundum disc U which 
was in turn supported on top of an alun- 
dum tube Q, 14 in. id, and steel tube R 
which passed through the bottom by 
means of a rubber gasket and which 


could be slid up or down as desired. 
This proved to be very effective in 
positioning the melt inside the induc- 
tion coil B to get the desired electrical 
coupling. The power needed for melting 
was from 10 to 14 kw, supplied by a 
35 kva high frequency unit, and only 
5 to 8 kw were necessary to hold the 
metal at any temperature between 
1535° and 1800°C. 


THE PREHEATER 


The preheater tube C made of alun- 
dum, 14 in. id, was tapped with 12 
threads to the inch for a length of 6 in.; 
a coil of platinum wire D, 0.025 in. 
diam, which served as the heating 
element, was screwed into position in 
the threads. Later on, a bigger and bet- 
ter preheater was made 9 in. long and 
with a heavier wire, 0.030 in. diam, 
using platinum-10 pet rhodium instead 
of pure platinum. This enabled the 
entering gaseous mixture to be heated 
up to the temperature of the melt be- 
fore coming in contact with it. The 
leads were taken out through holes 
drilled in the preheater tube and were 
fastened to terminal connectors at G. 
The preheater was covered with an 
alundum insulating sleeve M, 12 in. 
long and 114 in. diam, resting on an 
alundum disc U and another sleeve O, 
14 in. long and 134 in. diam, to pre- 
vent excessive radiation. The incoming 
gases came in direct contact with the 
heated platinum wire and hence the 
preheating was very efficient. 


OXYGEN ANALYSIS 


Oxygen analyses were made by the 
vacuum fusion method on an apparatus 
which has been used in this laboratory 
for over ten years. It had been cali- 
brated previously against measured gas 
volumes and checked by exchange of 
samples with the National Bureau of 
Standards. Results reported are the 
mean of two or more concordant 
determinations. 


AVOIDANCE OF THERMAL 
DIFFUSION 


In a mixture of gases of unlike mo- 
lecular weight any temperature gradi- 
ent tends to produce corresponding 
composition gradient, the lighter gas 
diffusing toward the hotter region. This 
is a well known effect which has given 
rise to troublesome errors in many stud- 
ies of gas-metal reactions. When the 
metal is heated by induction a sharp 
temperature gradient may be set up 
near its surface; in some of the early 
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FIG 3—Experimental values of the apparent equilibrium 
constant at 1563° C. Log K approaches a limiting true value 


with addition of inert gas of high molecular weight. 


studies of reaction [1] this resulted in 
apparent values of K,; which are now 
known to have been too high. 

A study of the factors affecting 
thermal diffusion® indicated two prac- 
tical methods of minimizing errors from 
this source. The first is the obvious one 
of preheating the gases entering the 
system so as to eliminate as far as possi- 
ble the thermal gradient near the sur- 
face of the melt. The second is based 
upon Gillespie’s’ simplified treatment 
of the phenomenon which showed that 
the thermal separation is diminished by 
admixture of a gas of high molecular 
weight. According to this theory the 
error in log K, should be proportional 
to the reciprocal of the mean square 
root of the molecular weight of the gas. 
Fig 3 shows the results of a detailed 
experimental study® at 1563°C using 
three degrees of preheat, the apparent 
value of log K being plotted against the 
reciprocal of the mean square root of 
the molecular weight. From the data it 
was concluded that the error is elimi- 
nated by adequate preheating and 
greatly minimized by addition of a 
heavy gas. The average value using the 
highest, and apparently adequate, pre- 
heat agreed with results obtained at 
lower preheat by extrapolation to in- 
finite molecular weight. In later experi- 
ments, including all those made above 
1563°C, the preheater was operated at 
the same apparent temperature as the 
melt, corresponding to the highest 
preheat of Fig 3, and argon was added 
in the approximate ratio 4:1. 


TEMPERATURE MEASUREMENTS 


All temperature measurements were 
made by means of a disappearing- 
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filament-type optical pyrometer sighted 
on the clean surface of the melt. The 
following is a brief description of the 
calibration of this method, the details 
of which are published elsewhere.* Two 
optical pyrometers were calibrated 
against a standard instrument using a 
tungsten strip filament lamp. A special 
beryllia crucible was constructed havy- 
ing a reentrant tube in the bottom 
which provided a small ‘“‘black body”’ 
at the temperature of the molten metal 
contained in the crucible. This crucible 
filled with liquid iron was held in the 
furnace under exactly the same condi- 
tions as those used in equilibrium 
determinations. Simultaneous tempera- 
ture readings were made on the metal 
surface and on the “‘black body”’ using 
duplicate windows and prisms and oc- 
casionally exchanging the positions of 
the two optical pyrometers. 

Similar calibrations were carried out 
using a thermocouple instead of the 
lower optical pyrometer, the bead of 
the couple being inserted into the re- 
entrant tube. For temperatures up to 
1650°C. a platinum-platinum-rhodium 
couple was employed; this was checked 
before and after use at the melting 
point of palladium. For higher tem- 
peratures extending to 1930°C an 
independently calibrated tungsten-mo- 
lybdenum couple? was used. The re- 
sulting calibration curve which was 
used throughout this study is shown in 
Fig 4. The estimated uncertainty in 
temperature measurement is less than 
+5°C at the lowest and slightly 
greater at the highest temperatures. 


Experimental Procedure 
The charge consisted of about 70 g of 
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TRUE TEMPERATURE 
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FIG 4—Calibration curve for optical pyrometer sighted on a 
clean surface of liquid iron. 


electrolytic iron which had been prevyi- 
ously cleaned, pickled, washed and 
dried. This was held in a crucible of 
high-purity alumina. The whole sys- 
tem including the furnace was flushed 
out with hydrogen for about an hour. 
The saturator, the water bath and con- 
necting tubing were brought to the 
desired temperatures. 

Since the object of this series of ex- 
periments was to determine the effect 
of temperature upon the Fe-H,-O equi- 
librium, it was necessary to let the 
various melts attain equilibrium at dif- 
ferent temperatures, the range covered 
being from 1563° to 1750°C. Frequent 
temperature measurements were made 
and in general these did not deviate 
more than +3°C from the desired 
value. The optical pyrometer was oc- 
casionally checked against the melting 
point of iron. The flow rates were ad- 
justed to give an argon-to-hydrogen 
ratio of approximately 4:1 in all heats. 

Preliminary runs had demonstrated 
that under the experimental conditions 
equilibrium in the reaction of hydrogen 
with oxygen dissolved in liquid iron was 
attained within fifteen minutes. All 
heats were continued for a minimum 
of forty-five minutes under steady con- 
ditions after which the metal was 
cooled as rapidly as possible. 

To increase the rate of solidification, 
attempts were made to quench the melt 
directly into water at the end of the 
heat. A deep tank was arranged so that 
the water level was above the bottom 
of the furnace tube, thus excluding air, 
and the entire furnace bottom with the 
crucible and its supports was dropped 
into the water. The resulting ingots 
were mostly irregular and unsound and 
of very high oxygen content. Substitu- 
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tion of chlorinated biphenyl for water 
resulted in a high-carbon ingot. The 
method finally adopted was to lower 
the melt into the cold part of the fur- 
nace, simultaneously cutting off the 
preheater and increasing the rate of 
flow of argon. Solidification occurred in 
five to fifteen seconds. 

Most of the ingots were sound with 
very little or no porosity. The ingots 
were cut into pie-sections with a hack- 
saw. Grinding and pickling were used 
to clean the samples which were 
analyzed for oxygen by the vacuum 
fusion method. This method gives the 
total oxygen content of the sample and 
includes .all the oxygen which was in 
solution in the. melt and any oxide 
particles which may be entrapped in 
the specimen. Microscopic examina- 
tion showed that the ingots were fairly 
clean and contained no appreciable 
amount of foreign oxides. 


Experimental Results 


The series of experiments at 1563°C_ 


which have been discussed in connec- 
tion with thermal diffusion lead to a 
value of K, at that temperature of 
4.68 + 0.15. Results at higher tem- 
peratures are shown in Table 1. It is 
to be noted that the oxygen content 
of all samples is far below the satura- 
tion value in the liquid and hence there 


was little chance for loss during cooling. 


There was no visible evidence of 
ejection of oxide and no marked 
segregation in the ingots examined 
microscopically. Oxygen analyses were 
usually duplicable within + 2 pct; in 
the five cases of larger. deviation it is 
uncertain whether the cause was 
analytical error or actual segregation. 
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The results are plotted in Fig 5 in 
which are also shown the average 
values at 1600° and 1700°C reported 
respectively by Fontana! -and by 
Samarin.2 The best line through the 
data is represented by the equation: 


log K, = 7050/T — 3.17 


This agrees very closely with Fontana’s 
average but deviates from that of 
Samarin by about 18 pct in the value 
of K at 1700°. 


Thermodynamic 
Caleulations 


COMPARISON WITH DATA ON 
FE-C-O SYSTEM 


From the equation given above for 
the temperature dependence of K, we 
obtain the following for the change in 
free energy: 


H2 (g) + O = H,0 (g); 
AF® = —32,250 + 14.507 [lal 


The free energy change in the similar 
reaction of carbon monoxide with dis- 
solved oxygen to form carbon dioxide 
is obtained from this with the aid of 
the free energies of the four gases in- 
volved. The data given in “ Basic Open 
Hearth Steelmaking’’!° are in excellent 
agreement with the most recent com- 
pulation of the National Bureau of 
Standards.!! From them we find for the 
water-gas reaction: 


H2 (g) + CO: (g) = H:0 (g) + CO (g); 
AF° = +6380 — 6.227 [3a] 


When this is subtracted from Eq la 
the result is: 


CO (g) + O = CO: (g); 
AF° = —38,630 + 20.72T [2a] 


Several investigators have studied this 
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Table 1... Equilibrium Data on 
Reaction of Steam with Liquid Iron 


Metal 
Hea PH20 Oxygen 
No. PH, Aone Percent K 
65 0.1051 1574 0.0234 4.49 
66 0.1040 1595 0.0265 3.92 
67 0.1042 1650 0.0350 2.98 
68 0.1039 1700 0.0456 2.28 
87 0.1052 1615 0.0291 3.64 
88 0.1052 1640 0.0350 3.01 
89 0.1053 1720 0.0464 Par At 
90 0.1053 1752 0.0552 1.91 
103 0.1039 1665 0.0347*| 3.0 
104 0.1040 1704 0.0419 2.49 
105 0.1040 1724 0.0438 Qrom 
106 0.1040 1750 0.0476 2.18 
124 0.1042 1760 0.0516*| 2.02 
128 0.1385 1745 0.0632 2.18 
300 0.1052 1716 0.0432*| 2.43 
301 0.1060 1716 0.0457*| 2.31 
140 0.0977 1710 0.0411*| 2.38 
141 0.0982 1655 0.0324 3203 
142 0.0984 1675 0.0352 2.79 


* Average deviation about 0.0020; in all other 
cases less than 0.0006 


equilibrium but it is only the results 
at very low carbon content that can be 
directly compared with the equation. 
The data of Marshall and Chipman® 
and of Vacher? for carbon contents be- 
low 0.02 pet are shown in Fig 6. The 
straight line represents the equilibrium 
constant calculated from Eq 2a which 
is given by the expression: 


= +8440/T — 4.53 [2b] 


It is noted that the calculated line falls 
within the limits of experimental un- 
certainty at all temperatures and in 
fact represents the experimental data 
very satisfactorily. The precision of 
the data for the Fe-C-O system is not 
as good as that for the steam-hydrogen 
equilibrium so that the agreement 
should be recorded only within limits 
of about +0.07 in log K». This repre- 
sents rather good agreement for high 
temperature data. 


FREE ENERGY OF OXYGEN IN 
IRON 


The free energy of formation of 
water vapor is given by the equation:1 
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He (9) + +2 O2 (g) = H20 (g); 
AF° = —60,180 + 13.937 [4] 


When this is combined with Eq la we 
have: 

4g Oe (g) = O; 

AF® = — 27,930 — 0.57T [5] 


FREE ENERGY OF LIQUID 
FERROUS OXIDE 


The liquid oxide phase which exists 
in equilibrium with solid or liquid iron 
has a composition represented by the 
formula Fe,O where the value of x is a 
function of temperature and, in the 
range considered here, lies between 
0.96 and 0.99. The free energy of this 
equilibrium phase per gram atom of 
oxygen is obtained from its solubility 
in liquid iron and Eq 5. Its solubility! 
is represented by the expression: 


log % 0 = —6320/T + 2.734 [6] 


This may be paraphrased by the equa- 
tion: 


Fe,O (lig.) = x Fe (lig.) + O; 


AF® = 28,900 — 12.51T [6a] 


which, with Eq 5, gives: 


« Fe (lig.) + 14 O» (g) = Fe,0 (lig.); 
SEO 56,830 ll O47 [7] 


This is equivalent to the partial molal 
free energy of formation of FeO in the 
liquid oxide of equilibrium composition. 
From this the oxygen pressure of 
oxygen-saturated liquid iron is: 


log po, = —24,850/T + 5.22 [7a] 


COMPARISON WITH DATA OF 
DARKEN AND GURRY 


The’ oxygen pressure of oxygen- 
saturated iron may be calculated also 
from the experimental data of Darken 
and Gurry.!4 These investigators have 
found the ratio pco,/Pco in equilib- 
rium with iron and iron oxide over a 
wide range of temperatures, the perti- 
nent values being reproduced in Table 
2. From the known free energies of the 
several gases! we have: 


CO (g) + 34 Oz (g) = CO2 (g); 


AF° = —66,560 + 20.15T [8] 
« Pco2 - 
Ke= Pco X Por’?’ logsiss 


= +14,550/T — 4.405 [8a] 


Values of Kg are included in Table 2. 
From these data the logarithm of the 
oxygen pressure is found as given in 
the fifth column. The sixth shows the 
same quantity computed from Eq 7a. 
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Table 2... Computation of the 
Oxygen Pressure of Oxygen- 
Saturated Iron 


Doan ey log p 
wea C02 log °CO log (D Ae log Po, 
Poco Poco 8 G) (Eq 7a) 
1371 0.282|—0.550| 4.447) —9.99 
1524 0.208/— 0.682) 3.690} —8.74| —8.61 
1575 0.194) —0.713| 3.470] —8.37| —8.24 
1600 0.187) —0.728] 3.363] —8.18} —8.05 


The discrepancy between these two 
series of computed oxygen pressures 
is very small.* It is, however, a real 
discrepancy since the difference is 
greater than the apparent uncertainties 
in any of the subsidiary data. Perhaps 
the least certain of these is the solu- 
bility of oxygen in liquid iron. The 
data employed here are about 30 pct 
lower than those which were generally 
accepted prior to 1941.12 However, if 
the older data are substituted the 
discrepancy becomes greater; thus the 
calculation upholds the lower solu- 
bility data. 

It seems quite possible that in spite 
of all the careful calorimetric and 
spectroscopic work that has been done, 
minor errors may remain in the free 
energy values of the gases which 
would be large enough to account in 
part for the discrepancies found. In- 
consistencies in values of the water-gas 
constant, K3, have been pointed out 
by Darken and Gurry" and until these 
uncertainties have been removed the 
small discrepancy shown in Table 2 
should be no cause for worry. We may 
conclude then that the present data 
are in good agreement with the require- 
ments of the oxygen solubility of 
Taylor and Chipman and the equi- 
librium data of Darken and Gurry. 


Summary 


An experimental study has been 
made of equilibrium in the reaction 
of hydrogen with oxygen in liquid iron 
in the temperature range 1563°- 
1760°C. The primary purpose was to 
secure more dependable data by 
elimination of certain errors which 
were inherent in earlier work. 

Errors of thermal diffusion in the 
gas mixture were eliminated by pre- 
heating the entering gas stream to the 
temperature of the metal. A further 
safeguard was the admixture of pure 


*It is considered that earlier discrepancies 
below the melting point of iron have been ade- 
quately explained by Darken and Gurry. 


argon with the gas stream in a ratio 
of about 4 to 1. 

Temperature measurements were 
made by an optical pyrometer sighted 
on the clean surface of the melt. This 
system was calibrated in the range 
1530°-1930°C against optical and ther- 
moelectric measurements in a reentrant 
tube in the bottom of the crucible. 
This reduced uncertainties in tem- 
perature measurement to about +5°. 

The experimental results are repre- 
sented by: 


Ky = Pu.0/Px, x % QO; 
log K, = 7050/T — 3.17 


Related thermodynamic quantities are 
derived. The results confirm the oxygen 
solubility data of Fetters, Taylor and 
Chipman and are in good agreement 
with equilibrium data on the system 
iron-oxygen of Darken and Gurry. 
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The Use of Oxygen Enriched Air in 
the Metallurgical Operations of 
Comineo at Trail. B.C. 
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R. R. MCNAUGHTON,* Member AIME, T. H. WELDON,* J. H. HARGRAVE,* and L. V. WHITON* 


Oxygen enriched air is being used 
quite extensively in the metallurgical 
plants of The Consolidated Mining and 
Smelting Co. of Canada, Limited, at 
Trail, B.C. The oxygen used for this 
purpose is a by-product from the Com- 
pany’s chemical plants located in the 
area. 

Most of the ore treated in the Trail 
metallurgical plants comes from Com- 
inco’s Sullivan Mine at Kimberley, 
B.C. At Kimberley the ore is milled to 
produce lead and zinc concentrates 
which are shipped to Trail for further 
treatment to metal. 

One section of this paper deals with 
the use of oxygen enriched air in the 
suspension roasting of the zinc concen- 
trates. In this process the concentrate 
is calcined for leaching preparatory to 
electrolytic recovery of the zinc. 

A second section of the paper de- 
scribes the use of oxygen enriched air 
in operations at the lead smelter. There 
oxygen enriched air is used in the blast 
to the lead blast furnaces and in the 
slag fuming furnace which recovers the 
lead and zinc contained in lead blast 
furnace slag. 

The final section of the paper out- 
lines the precautions necessary for the 
safe use of oxygen enriched air in any 
plant operation. 


The Use of Oxygen Enriched 
Air in the Suspension 
Zine Roasters 


The suspension roasting of zinc con- 
centrate developed at Trail, B.C., has 
been described in AIME Vol. 121, 
“The Electrolytic Zinc Plant of The 
Consolidated Mining and Smelting 
Company of Canada, Limited” by B. 
A. Stimmel, W. H. Hannay and K. D. 
McBean. Since the publication of that 
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paper, the use of oxygen enriched air 
in suspension roasting has been intro- 
duced as regular practice with marked 
advantage. The relative importance of 
a specific advantage may vary with 
changing conditions, but, in general, 
it may be stated that improved opera- 
tion has been achieved at increased 
capacities. 

Suspension roasting is carried out at 
Trail in converted standard 25 ft diam 
Wedge roasters. The 2nd, 3rd, 4th and 
5th roasting hearths have been re- 
moved and the drying hearth covered 
over. Drying of the concentrate is done 
on the drying hearth and the Ist roast- 
ing hearth. The dried concentrate, 
after any lumps have been broken up 
in a ball mill, is fed to a single burner 
located in the upper part of the com- 
bustion chamber. Oxygen is introduced 
at the burner fan along with the gases 
from drying, returned combustion 
gases from the waste heat boiler outlet 
and the required amount of new air. 
Up to 60 pct of the concentrate settles 
out on the 6th roasting hearth, the rest 
passing out of the roaster. The product 
collected in the waste heat boiler is 
finished calcine, but the dust collected 
in the cyclones after the boilers is re- 
turned to the base of the combustion 
chamber where the sulphate is decom- 
posed. Gases from the cyclones go to a 
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Cottrell precipitator. The discharges 
from the 7th roasting hearth and the 
waste heat boiler are combined with 
the Cottrell dust to give the finished 
calcine. 

Following small scale tests started in 
1933, oxygen enriched air has been used 
continuously in the suspension roasting 
of zinc concentrate in Trail, beginning 
in 1937. A significant factor in promot- 
ing its use in this operation was the 
availability of by-product oxygen from 
the Company’s near-by Chemical and 
Fertilizer Division. To-day it is stand- 
ard practice at Trail to use oxygen 
enriched air for zine concentrate 
roasting. 

The most important requirement in 
roasting a zinc concentrate for an 
electrolytic plant is that the zinc in the 
calcine should have maximum solu- 
bility. It is also desirable at Trail that 
the gas produced for the manufacture 
of sulphuric acid should have a maxi- 
mum concentration of SO, and that a 
substantial recovery of waste heat 
from the gas be achieved. 

High solubility of zinc requires that 
the sulphide sulphur and zinc ferrite 
in the calcine be kept low. These are 
both functions of temperature and 
time, with formation of zinc ferrite also 
dependent on contact between the iron 
and zinc particles. One of the inherent 
advantages of suspension roasting is 
that minimum time and contact are 
achieved. The limit on temperature is 
imposed by the fusion point of the con- 
centrate and not by the need to control 
zinc ferrite formation. Operating tem- 
peratures are normally maintained 
within the limits of 1725° and 1850°F. 
A relatively low zinc sulphate in the 
calcine is required at Trail, and this 
results from discharging the calcine 
from the high sulphur dioxide atmos- 
phere at a temperature above 1600°F. 
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_ The rate of elimination of sulphur 
from the concentrate and the control 
of zine ferrite formation depend in 
practice principally on the following 
factors: 1. The composition of the con- 
centrate. 2. The fineness of the concen- 
trate. 3. The temperature in the 
roaster. 4. The time allowed for roast- 
ing. 5. The concentration of oxygen in 
the roaster. 

The limitations that exist to restrict 
the operation are: 1. The size of the 
combustion chamber. 2. The capacity 
for grinding the concentrate. 3. The 
supply of oxygen. 

To control sulphur dioxide concen- 
tration in the gas to the Acid Plant and 
maintain this at a maximum consistent 
with the production of satisfactory 
calcine is a secondary objective. For 
normal operation without the addition 
of oxygen the furnace outlet gas con- 
tains 8.5 pet SOs, which corresponds 
to a concentration of 9 pct SO, in the 
combustion chamber. This latter con- 
centration has a calculated theoretical 
maximum for Trail operations of about 
14 pct, with no oxygen enrichment. 

The controls used in roasting are: 1. 
Measurement of temperature in the 
combustion chamber. 2. Analysis of the 
calcine for sulphide sulphur. 3. Con- 
tinuous recording of the sulphur diox- 
ide concentration in the roaster gases. 

The calculated and observed’ ad- 
vantages of the use of oxygen enriched 
air in the suspension roasting of zinc 
concentrate may be summed up as 
follows: 1. Increased capacity and 
greater flexibility of operation. 2. In- 
creased concentration of sulphur di- 
oxide. 3. Greater overall heat recovery. 
4. Faster starting up and_ steadier 
operations. 

To calculate the oxygen enrichment 
of the new air used in suspension roast- 
ing is of little value where recirculation 
of gases to the burner is practised. 
Therefore, only the volumes of oxygen 
used are given. These volumes are at 
0°C and 760mm Hg. The advantages 
will now be considered in detail: - 


INCREASED CAPACITY AND 
‘GREATER FLEXIBILITY 
OF OPERATION 

Increasing the concentration of oxy- 
gen in the furnace gases has a marked 
effect on sulphur elimination in the sus- 
pension roasting of zinc concentrate. 
This most important advantage may 
be made use of in several ways. For a 
given roaster capacity where the sul- 
phide sulphur in the calcine being pro- 
duced is not the lowest that it is possible 
to attain, a calcine lower in sulphide 


AUGUST 1949 


sulphur can be produced. If lower 
sulphide sulphur in the calcine is not 
required then the roaster capacity can 
be increased, or a coarser concentrate 
can be roasted. The foregoing indicates 
the greater flexibility of the roaster 
operation when oxygen is being used. 

Current zinc concentrate treated at 
Trail is about 95 pct minus 200 mesh, 
and its analysis, and that of the cor- 
responding calcine, are given in Table 1. 


Table 1... Typical Analyses of 


Normal Zinc Concentrate and 


Calcine 
Zine Zinc 
Concentrate,| Calcine, 

Pct 
ANG ceive SR Ree Sas Ss 48.5 53.8 
Tron. 1222 14.2 
LP ee ote eee 5.0 5.2 

Moisture see oc: bos oe 4.5 
Total sulphur.......... 32.3 LS 
Sulphate sulphur........ 0.8 
Sulphide sulphur........ Oud 


The increased capacities obtained 
with increased additions of oxygen are 
shown in Table 2. Oxygen volumes are 
given in cubic feet per minute at N.T.P. 
and the supply analyzes 98.5 pct 
oxygen. 


Table 2... Increased Capacities 
Obtained with Increased Addi- 
tions of Oxygen 


Percent Sulphide Sulphur in Zinc 
Rate of Calcine with Increasing Oxygen 
Roasting 
Per Sa | 1,000 
ay) |< . 
0 cfm | 200 cfm | 400 cfm ‘etin 
120 0.6 0.3 0.1 
140 £3 0.7 0.4 
160 2.0 1.4 0.8 0.1 
210 Bisit 204) | 0.3 


From Table 2 it will be seen that an 
increase of 20 tons per day is realized 
for each 200 cfm of oxygen. At rates 
above 150 tons per day it becomes 
necessary to provide cooling in the 
combustion chamber to control the 
temperature there. This is normally 
accomplished by recirculating cooled 
gas from the waste heat boiler outlet 
back into the combustion chamber. 
At Trail the capacity limitations for 
recirculation required that additional 
cooling at very high tonnages be ob- 
tained by spraying water into the 
combustion chamber. This operation 
was found necessary during the test 
using 1,000 cfm of oxygen for the rate 
of 210 tons per day, about 20 lb of 
water per min. being sprayed into the 
lower half of the combustion chamber. 

At increased roasting rates extra air 


is also used with the increased oxygen. 
Indications are that the total oxygen 
supplied must be at least 50 pct in 
excess of the theoretical required. Al- 
though there is some increase in the 
excess oxygen required at the higher 
tonnages, this alone does not account 
for the increased rates of sulphur 
elimination. The full explanation must 
take into account the fact that the 
combustion chamber temperature tends 
generally to be higher at the higher 
rates. 


INCREASED CONCENTRATION OF 
SULPHUR DIOXIDE 


The first requisite of the roasting op- 
eration is to maintain a low sulphur in 
the zinc calcine. Gas strength at Trail 
is secondary to quality of calcine but 
is still important. Before installing the 
permanent oxygen supply for zinc 
roasting, it was decided to verify the 
effect of oxygen on gas strength. For 
this purpose a test was carried out at a 
normal roasting rate, using 140 cfm of 
oxygen. The increase in gas strength 
in the combustion chamber, as deter- 
mined by the averages of a great many 
tests, was 0.3 units (9.0 pct SO. to 
9.3 pet SO,). 

In appraising the long term benefit 
of oxygen as regards gas strength, 
many variables must necessarily be 
taken into account. Relatively large 
tonnages of acid are required at Trail, 
and, at times, this has necessitated the 
roasting of iron concentrate to supple- 
ment the gases from zinc roasting. 
Maximum theoretical gas strength is 
lower when roasting the pyrrhotite 
concentrate than when roasting the 
marmatitic concentrate. However, the 
use of oxygen in zinc concentrate 
roasting has assisted in maintaining 
high overall gas strength. At the same 
time it has also permitted higher ton- 
nages of zinc concentrate to be roasted. 

When allowances are made for all of 
the variables, there is always an in- 
increase in gas strength with increased 
oxygen, and at least as great as that 
obtained in the test reported above. 
Highest gas strengths are obtained 
when greatest quantities of oxygen are 
used to replace part of the air required 
for combustion. 

The full range of gas composition in 
the combustion chamber has not yet 
been established by test work for com- 
parison with theoretical requirements. 
In a high tonnage test the concentra- 
tion of oxygen in the combustion 
chamber was 10.3 pct for a concentra- 
tion of sulphur dioxide of 9.1 pct at the 
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Blast Air — 16,000 c. £ m.(approx.) 
at 8 p.s.i. 


Coal and Air Yaa | 


furnace outlet. Of course this is not the 
maximum sulphur dioxide concentra- 
tion reached in the combustion cham- 
ber, but it does indicate satisfactory 
conditions for high tonnages. Any extra 
oxygen in the roaster gases is an ad- 
vantage in converting SO, to SO; in 
the Acid Plant. 


GREATER OVERALL HEAT 
RECOVERY 


The use of oxygen permits greater 
economy in heat recovery, both through 
increased capacity for drying the con- 
centrates to be roasted and in increased 
steam production per pound of con- 
centrate roasted. In a test to show the 
increased drying rate to be gained by 
using oxygen at a normal roasting rate 
it was established that 140 cfm of 
oxygen increased the drying capacity 
by about 40 pct. The results of tests 
carried out to determine the greater 
heat recovery from the gases are given 
in Table 3. 
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FIG 1—Smelter oxygen system. 

Volumes shown are at 0°C and 760 mm Hg 
X—Gate valve 
C—Check valve 
S—Spur gear valve 
V—Volume gauge 
P—Pressure gauge 
W—Water trap 


Table 3... Results of Tests to 
Determine Heat Recovery from 


Gases 


Increase in Heat Recovery 
Using 400 cfm of Oxygen 


Rate of Roasting 
(Tons per day) 


Pet 
120 2 
140 18 
160 11 


FASTER STARTING UP AND 
STEADIER OPERATION 


Of less importance, but certainly a 
definite advantage of the use of oxygen 
in zinc roasting, is the greater speed 
that is achieved in getting the roaster 
up to temperature to produce satisfac- 
tory calcine. The lower temperature at 
which ignition of the concentrate oc- 
curs and the more rapid rise in tem- 
perature mean quicker starting after a 
shutdown. This results in a saving of 
fuel oil and minimum dilution of the 
roaster gases during starting up. 

Fluctuations in the chemical and 
physical properties of the concentrates 
being fed, which occur particularly in 
treating a variety of customs concen- 
trates, are more easily taken care of 


S) 
©) 


Oxygen and Air 
i200 cf.m@15 psi 


WwW) 


W) 


eS Coal and Air 


when oxygen is being used to enrich the 
air for combustion. The normal pro- 
cedure is to maintain the oxygen sup- 
ply constant and make the other 
necessary adjustments. The result is a 
much steadier operation. 


SUMMARY 


Tests have been carried out using up 
to 1,000 cfm of oxygen on one suspen- 
sion zinc roaster to obtain satisfactory 
operation up to 210 tons per day. The 
suspension zine roasters at Trail are 
normally supplied with about 300 cfm 
of oxygen per roaster. The greatest 
single advantage has been to increase 
the individual roaster capacity from 
120 tons per day to 150 tons per day. 
Gas strengths have been increased up 
to 5 pet. Heat recoveries have been 
increased up to 15 pct with the use of 
oxygen. 

Advantages are achieved in propor- 
tion to the actual oxygen being used. 
Operation may be varied to obtain the 
maximum of the advantage desired at 
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a particular time. A much steadier 
roaster operation is achieved when oxy- 
gen is being used and the operation is 
more flexible. 

Consideration is being given to the 
use of even greater quantities of oxy- 
gen. The object of this is to increase 
the capacity of present roasting equip- 
ment still further, and to obtain 
increased concentration of sulphur di- 
oxide in the gases going to the Acid 
Plant for increased acid production. 


The Use of Oxygen Enriched 
Air in the Slag Fuming 
Furnace and Lead 
Blast Furnaces 


The use of oxygen enriched air has 
interested both ferrous and nonferrous 
pyrometallurgists for many years. The 
Trail Lead Smelter is fortunate in hay- 
ing available a limited supply of by- 
product oxygen from the Company’s 
Chemical and Fertilizer Division. This 
fact led to the institution of a test 
program on the use of oxygen enriched 
air in both the lead blast furnaces and 
the slag fuming furnace. 

To date most of the test work with 
oxygen enriched air at the Lead Smelter 
has been carried out on the slag fuming 
furnace, where both throughput and 
zinc recovery have been notably im- 
proved. The test work on the lead 
blast furnaces, although not very far 
advanced, has indicated a definite coke- 
saving and much smoother furnace 
operation. 

The compressor delivering oxygen to 
the Lead Smelter handles a constant 
volume of 1,200 cfm, which is delivered 
to the Smelter at 15 psi. When less 
than 1,200 cfm of oxygen is used, air is 
introduced into the compressor to make 
up the difference and the Smelter re- 
ceives a mixture of air and oxygen. 
This is fed into the bustle pipes on the 
slag fuming and blast furnaces with 
suitable measuring and control devices 
as shown in Fig 1. All volumes are 
given at 0°C and 760 mm Hg. 1,000 
cfm of oxygen at N.T.P. equal ap- 
proximately 65 tons per day. 


SLAG FUMING FURNACE TESTS 


Details of construction and operation 
of the slag fuming furnace have been 
published in Transactions AIME 121, 
“‘Slag Treatment for the Recovery of 
Lead and Ziac at Trail, B. C.” by R. R. 
McNaughton. Briefly, the furnace is 
10 ft wide by 24 ft long and 10 ft high 
with 36 2-in. tuyeres on each side. Pul- 


AUGUST 1949 


verized coal and air are blown through 
the slag bath where the ZnO is reduced 
to Zn with the temperature of the bath 
maintained at about 2,200°F. Above 
the bath the Zn is oxidized again to 
ZnO. The furnace gases carrying the 
ZnO pass through a waste heat boiler 
where they are cooled to 900°F. They 
then pass through an economizer and 
finally reach the baghouses at some- 
thing less than 220°F. 

Normally the total volume of air to 
the furnace is approximately 16,000 
cfm at 8 psi ga. Pulverized coal is used 
at a rate of approximately 200 lb per 
min. Operation of the fuming furnace 
is a batch operation and the furnace 
charge is 55 tons of molten lead blast 
furnace slag analyzing 16.5 pct zinc, 


20 pet silica, 10 pet lime and 28 pct 


iron. Until recently the standard cycle 
of operations was 9 blows in 24 hr or 
160 min. per blow. 

The rate of elimination of the zinc 
from the molten slag charge depends 
in practice principally upon the follow- 
ing factors: 1. The composition of the 
slag. 2. The temperature of the slag. 
3. The concentration of CO in the 
gases agitating the slag. 

There are limitations in the existing 
plant equipment that control the op- 
eration, such as: 1. The gas handling 
capacity of the waste heat boiler and 
subsequent equipment. 2. The capac- 
ity of the blower to supply blast air. 
3. The working capacity of the furnace 
(agitation of the charge must not 
splash slag into the flue). 4. The cooling 
capacity of the water jackets (limits 
furnace temperature). 

Altogether about 100 tests, using up 
to a maximum of 26.5 pct oxygen in the 
blast, have been carried out on the slag 
fuming furnace to show the effect of 
oxygen. Some 30 of these were averaged 
to give the three sets of figures given in 
Table 5, which are graphed in Fig 2. In 
Table 6 the capacity and recovery 
increases for 23.4 pct oxygen in the 
blast (500 cfm oxygen added) are 
shown. In these calculations an em- 
pirical figure of 81 pct is used to obtain 
the tons of slag discharged from the 
furnace in relation to the tons of slag 
charged. 

Although there is a slight increase in 
coal consumption the measurement of 
this has not been accurate enough for 
comparative purposes. The small in- 
crease in steam production is relatively 
insignificant. 

Without the addition of oxygen the 
slag temperature, as measured by a 
locally developed continuous optical 


temperature recorder, averaged about 
2150°F. The use of oxygen has enabled 
temperatures slightly in excess of 
2300° to be maintained. Limitations of 
the existing equipment prevent opera- 
tion at higher temperatures. 

The points of greatest interest on the 
curves in Fig 2 fall between blowing 
times of 100 and 140 min. In this range 
the rate of zinc elimination commences 
to fall off. It may be possible that the 
use of still greater proportions of oxy- 
gen to give slightly higher temperatures 
will permit the development of the 
operation of a continuous process. Of 
course, the economics of changing 
metal prices combined with production 
costs must be included in any calcula- 
tions made to establish an operating 
program. 


LEAD BLAST FURNACE TESTS 


Details of operation of the lead blast 
furnaces at Trail have been published 
in Transactions AIME Vol. 121, 
“Lead Blast Furnace Practice at Trail, 
B. C.” by G. E. Murray. The dimen- 
sions of the Trail furnaces have in some 
cases been altered. Therefore the sig- 
nificant dimensions are given in Table 4 
and also the normal blast air volumes. 


Table 4. . . Furnace Dimensions 


Furnace Number 9 10 11 12 


Mength Ga)iy... bs a. 270) 180 270 
Width at Tuyeres (in.) 98 65 65 69 
ies at Top of Shaft 
1s Wo ere OP REE aEE eee 
Normal Blast Air Vol- 
ume (cfm)........- 


120 82 82 76 
8,500) 9,500 


7,509} 10,000 


Table 5... Slag Fuming Furnace— 
Analyses of Slags 


Zinc Remaining in Slag with 
Blowing Oxygen Content in Blast Air of 
Time 
(minutes) 
20.9% 23.4% 24.8% 
0 16.8% 16.9% 16.4% 
20 14.3 13.6 13.2 
40 12.1 11.4 10.8 
60 10.0 9.1 8.4 
80 7.9 6.9 5.9 
100 6.0 4.9 ed) 
120 4.3 Bie 2.6 
140 3.3 2.2 1.4 
160 2.9 1.6 0.9 


Table 6. : . Slag Fuming. Caosety 
and Recovery Increases for 


23.4 Pct Oxygen in Air 


(500 cfm) 

Oxygen—Pct in Blast Air...... 20.9/23.4) 23.4 
Length of Blows—min......... 160} 160) 133 
Number blows per 24 hr....... 9 9 11 
Slag Blown—Tons per 24 hr....| 495] 495) 605 
Pct Zn. in Slag—In............ 16.8)16.9| 16.9 
ULAR ema Deo eit Ooo SOO Zi. L6\, 226 
Tons Zn—In Slag Charged... . .|83.2/83.7/102.3 
Offins ume ssa: cerns ane era 71.6|77.3] 89.5 
In Slag Tapped............. 11.6) 6.4) 12.8 
Zn Production Increase—Tons. . Bye ip Wie 
Oa corte Sasi SEAN hap Saar eo 8 25 
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Interruptions in the supply of oxygen 
have made it impossible to carry 
through a prolonged continuous test on 
one blast furnace. Nevertheless the 
following figures will give some indica- 
tion of advantages to be expected. A 
comparison of No. 10 blast furnace 
using 22.3 pct oxygen in the blast with 
No. 12 blast furnace using no oxygen 
showed a coke saving of 3.9 pct. Using 
23.0 pet oxygen in the blast on No. 10 
furnace and comparing the operation 
again with No. 12 blast furnace, the 
coke saving amounted to 12.1 pct. 
There were corresponding production 
increases of 20 pct and 30 pct for No. 
10 furnace over No. 12. However, 
comparing the operation of No. 10 
furnace using oxygen with its own 
previous operation for a comparable 
two months’ period without oxygen, 
the increase in production amounted to 
only 15 pet for the total period it was 
using oxygen. 

Oxygen has been valuable in blast 
furnace operation in preventing the 
formation of, or aiding to smelt out 
quickly, the crusts which generally 
form in the lower shaft or crucible. The 
normal time of smelting out these 
crusts is about 3 days, whereas the use 
of up to 27.5 pct oxygen in the blast 
enables them to be smelted out in one 
day or less by increasing bottom 
temperatures. 

Although records do not indicate any 
marked increase in maximum furnace 
temperatures, slag temperatures are 
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ZINC IN SLAG VS BLOWING TIME 


FOR 
20.9% ~ 23.496 - 24.89 OXYGEN IN BLAST AIR 
20.9% = 23.496" 248 


——— a ae 


| 
16 Eee 7 ee Se Ee 


ZINC IN SLAG 


| | | | 
40 60 60 100 120 140 160 
BLOWING TIME, MINS 


24.8% 02 


FIG 2—Effect of oxygen on slag fuming 
operation. 


on the average somewhat higher and 
better conditions do prevail in the 
upper shaft to give steadier furnace 
operation. 

To summarize the rather small 
amount of test work carried out on the 
lead blast furnaces, it can only be said 
that indications point to a reduction in 
coke requirements of about 10 pct 
with an increase in furnace capacity of 
15 to 20 pct for an oxygen enrichment 
giving 23.4 pct oxygen in the blast air. 
The regular use of 22.1 to 25.0 pct 
oxygen enriched blast with occasional 
applications up to 27.5 pct oxygen 
enrichment to smelt out crusts should 
prove to be economic in lead blast 
furnace operation. For enrichments 
greater than the above it will probably 
be necessary to make alterations in 
furnace design to achieve best results. 


CONCLUSIONS 


The value of oxygen in the slag 
fuming operation at Trail is in in- 
creased furnace throughput and higher 
zinc recovery. Further development 
work will require modifications in fur- 
nace design. These are already under 
consideration. Ultimately a continuous 
operation may be obtained. 

In the lead blast furnaces the indica- 
tions are that oxygen reduces coke 
consumption and increases furnace 
capacity. This work is continuing and 
will do so until the limits of the present 
equipment are reached. Alterations in 


design will probably then be necessary 
as in the case of slag fuming. 


The Precautions Necessary 
with the Use of Oxygen 
Enriched Air in Plant 
Operations 


The use of oxygen enriched air in 
plant operations requires that certain 
precautionary measures be taken be- 
cause of the following characteristics of 
oxygen: 

1. Oil and grease may react violently 
with oxygen. 

2. Spontaneous combustion occurs 
more readily in the presence of oxygen. 
The probability of a spark causing 
ignition during a static discharge is 
increased. 

3. Oxygen accelerates combustion. 
It has been stated that the rate of ac- 
celeration increases rapidly up to a 
concentration of 40 pet oxygen with 
little difference noted between 40 and 
100 pet oxygen. 

The only positive method of pre- 
venting oxygen flow beyond a given 
point in a line is to imsert a blind 
flange. It is strongly recommended that 
this procedure be adopted where any 
work is to be carried out in a system 
beyond a given cut-off point. Also, the 
system beyond this point should be 
completely purged of oxygen with 
large volumes of air. 
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A Thermodynamic Investigation of 
the System Silver-silver Sulphide 


OOOO OOOO OO OOOO OOO OOD OOO OOO OOO 


TERKEL ROSENQVIST* 


Introduction 


From the chemical, metallurgical, 
and mineralogical points of view, the 
importance of thermodynamic data for 
metal-sulphides and sulphur dissolved 
in molten metal has long been realized. 
Such data will give a basis for thermo- 
dynamic calculations of processes such 
as roasting and the distribution of 
sulphur between molten metal and 
slags. Furthermore, it will help us 
understand the chemical forces which 
tie sulphur to the metal and to the 
melt. 

Thermodynamic studies of solid 
sulphides and the equilibria between 
solid sulphides and metals have been 
carried out in a rather large number of 
cases by several investigators. An 
excellent review of this work is given 
by Kelley.1 On the other hand, very 
little is known about the thermo- 
dynamic properties of molten sulphides 
and of sulphur dissolved in molten 
metal. The only system which pre- 
viously has been investigated in this 
respect is the iron/sulphur system. 

The purpose of the present investi- 
gation was primarily to obtain further 
data for metal/sulphur melts and the 
system silver/sulphur was chosen, not 
because this system was expected to 
be of special interest in itself, but 
because the silver/sulphur system is a 
typical example of a metal/sulphur 
system. Because of the low melting 
temperatures, the work could be 
carried out without appreciable furnace 
and refractory difficulties. The sulphur 
in this system possesses a rather high 
escaping tendency compared to most 
other metal/sulphur systems. By the 
method employed (reaction with hy- 
drogen to form hydrogen sulphide) this 
gives ratios Pg,s/Px, up to 0.30, which 
may be determined accurately. 

Thermodynamic investigations of 
the heterogeneous reaction AgoS +H: 
— 2Ag + H.S have previously been 
carried out by Pelabon,? Keyes and 
Felsing,? Jellinek and Zakowski,’ Wat- 
anabe,*® and Britzke and Kapustinsky.® 
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FIG 1—Apparatus for studies of gas-metal equilibria. 


Their results are in rather 


agreement. 


poor 


Experimental Part 


PRINCIPLE 


In the present investigation the 
escaping tendency of sulphur from the 
condensed ' phase was determined by 
the reaction: 

S + H. = H:S 
The ratio Py,s/Px, is at constant 
temperature, directly proportional to 
the escaping tendency of sulphur and 
to its chemical activity in the con- 
densed phase. (This ratio will subse- 
quently be denoted by H.S/H2.) From 
this ratio and its variation with tem- 
perature and with change in the com- 
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position of the condensed phase, 
thermodynamic quantities such as free 
energy and heat of reaction can be 
derived. The apparatus used is shown 
in Fig 1. The silver/sulphur alloy was 
placed in a crucible inside a refractory 
tube and mounted inside the furnace to 
the left. The tube was a part of a 
closed, gas-tight system in which the 
gas mixture could circulate until equi- 
librium was established. Circulation 
was maintained by the glass propeller 
to the right, driven by an external mag- 
net, and promoted by the chimney 
action of the furnace. The gas passed 
up through the furnace, down into the 
crucible where it came in contact with 
the alloy, passed rapidly up through a 
narrow tube and out of the hot zone. 

After equilibrium was established 
between the gas and the condensed 
phase, the composition of the gas 
mixture was determined from its 
density. In its circulation, the gas 
mixture passed through a chamber 
(lower right on Fig 1) containing a 
buoyancy-balance, where the density 
of the gas was determined by magnetic 
balancing. From the measured density, 
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corrected for pressure and tempera- 
ture, the H.S content, and conse- 
quently the H.S/H, ratio were deter- 
mined. For the gas compositions in 
question (1-25 pct H.S) this method 
is more accurate than the usual chem- 
ical analytical methods for H.S deter- 
mination. The method further has 
the advantage compared with chemical 
analysis, that no gas is removed from 
the system during the determination. 
Thus, the progression of the gas-metal 
reaction could be followed by means of 
a large number of density determina- 
tions, until constant density indicated 
attainment of equilibrium. This would 
take from 4 to 5 hr, but the runs were 
always continued to a total of 12 hr. 
Prolonged heatings for another 24 hr, 
which were tried on some samples, 
produced no further change in the gas 
composition. 

The equilibrium ratios could be de- 
termined for any number of tempera- 
tures during one heating, without need 
for withdrawal of gases for analysis or 
replenishment of the alloy. 

After the end of each run, the sulphur 
content of the alloy was determined by 
analysis. In order to avoid any back 
reaction with the gas during cooling, 
the system was always evacuated to a 
few mm pressure after the last measure- 
ment had been taken (usually at about 
1000°C) and cooled in vacuum. 

For analysis, the alloy was oxidized 
by solution in hot concentrated nitric 
acid and the sulphate thus formed pre- 
cipitated and weighed as BaSO, in the 
usual way.* 


EXPERIMENTAL DETAILS 
Materials 


The silver/sulphur alloys used were 
made from electrolytically refined 
silver, 99.99 pct pure, and sublimed 
sulphur. Silver sulphide was prepared 
by heating together stoichiometric 
amounts of the elements in evacuated 
and sealed quartz tubes at a tempera- 
ture of 500-700°C. This reaction 
was always complete. Silver/sulphur 
alloys of different compositions were 
obtained when weighed amounts of 
silver and silver sulphide were mixed 
and heated together during the run. 


Thermocouple 


For all temperature readings, a Pt-13 
pet PtRh thermocouple was used. 
This thermocouple was calibrated by 


* Thanks are due to the analytical laboratory 
of the Institute and particularly to Mr. R. E 
Fryxell for the chemical analyses. 
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means of the melting points of an- 
timony, silver, gold, and palladium— 
the last two by the  wire-bridge 
method. (A short wire of the calibra- 
tion metal is inserted in the thermo- 
couple junction and heated until the 
wire melts, breaking the circuit.) 


Furnace 


A platinum resistance furnace was 
used. In order to obtain constant tem- 
perature for a period of time, the 
furnace was fed with current from a 
constant voltage transformer, and the 
input was regulated with a variable 
transformer. In this way, a tempera- 
ture constancy of +2.5°C was  ob- 
tained for days. This is somewhat 
poorer than by a good temperature con- 
troller, but is more dependable in the 
long run. In the table of experimental 
results, the temperature is always given 
to the nearest 5°C. 


Refractories 


A tube of mullite was used for the 
main reaction tube. It proved to be 
absolutely vacuum tight during the 
entire work (which covered more than 
30 runs over a period of about one 
year). The thermocouple tube and the 
outlet tube for the gas were of high 
gerade porcelain, approximating mul- 
lite in their composition. However, 
leaks soon developed in the thermo- 
couple tube. Therefore, an inner 
thermocouple tube of vitrous quartz, 
sealed gas tight to the porcelain tube, 
was used. After a couple of runs this 
quartz tube devitrified and had to be 
replaced. 

A plug of alundum was cemented on 
to the thermocouple and outlet tubes 
and acted as a baffle to prevent heat 
radiation and gas convection to the 
upper part of the system. 

The crucibles were of sintered 
high purity aluminum-oxide, (Pure- 
oxide from Norton Co.) free of silica. 
They stood up well and no chemical 
reaction seemed to have taken place 
between the crucible and the gas, or 
between the crucible and the alloy. 

With exception of the crucibles, all 
other refractories contain some com- 
bined silica which gradually would be 
reduced by the gas at high tempera- 
tures. The refractories were therefore 
reduced with hydrogen at 1300°C be- 
fore they were used. Nevertheless, some 
reduction always occurred during the 
runs. The water-vapor thus formed was 
absorbed in P;O; placed in a small cup 
in the cold zone of the system. 

Contamination of the alloy with 


silicon from the refractories is a usual 
source of error in work of this kind; 
therefore a few of the alloys were 
examined spectroscopically for silicon. 
The alloys were found to be free of 
silicon. 


The Buoyancy Balance 


The buoyancy balance is in prin- 
ciple similar to what is earlier described 
by Stock,’ but certain changes have 
been made. It was built primarily of 
Pyrex glass. The beam was built of fine 
tubes of Pyrex glass with fine porcelain 
tubes fused on internally for increased 
rigidity. The bulb was blown of Pyrex 
glass to about 230 cm’ and weighed less 
than 20 g. The counterweight was a 
Pyrex tube in which some lead was 
fused together with a small sheet of 
transformer iron. Eventually this tube 
was evacuated and closed so that the 
reaction gas did not come in direct 
contact with any metal parts. For the 
same purpose, the knife edge and the 
support for the balance were made of 
mullite porcelain, ground to shape and 
fused in place with uranium glass. The 
balance was operated by means of the 
external magnet M, (Fig 1) which con- 
tained a core of transformer iron. A 
current was passed through the magnet 
coil until a fine needle on the counter- 
weight was just level with a corre- 
sponding stationary needle. In order to 
reduce the effect of magnetic hystere- 
sis, the balanced position was always 
approached from a highly magnetized 
state, and in such a way that oscillation 
of the balance in the magnetic field was 
avoided. In this way, the effect of mag- 
netic hysteresis was reduced to con- 
siderably less than 1 pct. 

Between the readings; the balance 
was kept steadily in place by passing 
current through the lower magnet Ms». 
This current, as well as the current for 
the propeller, was shut off the moment 
a density reading was taken. 

The balance was so made that it was 
just balanced, without any magnetic 
influence, for a gas density slightly less 
than pure hydrogen at atmospheric 
pressure. This offers the widest operat- 
ing range and greatest sensitivity for 
low H.S contents. 

The balance was calibrated by means 
of gases of known density. As such, dry 
air, nitrogen, helium and hydrogen 
were used. By varying the pressure of 
the calibration gas, a wide range of 
densities could be covered. The density 
of the gas was plotted as a function of 
the current in the magnet. The calibra- 
tion was tested on known mixtures of 
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hydrogen and hydrogen sulphide and a 
satisfactory agreement with the cali- 
bration was found. 

From the observed density of the gas 
mixture, the average molar weight M 
of the gas was derived. This gives the 
percentage of H.»S in the gas and the 
H.S/H, ratio: 


M — 2.016 
and 
HS M — 2.016 


H, 34.08 —M 

The sensitivity of the balance in itself 
was about 0.3 mg corresponding to 
about 0.1 vol. pct of hydrogen sulphide. 
-However, because the balance had a 
tendency to change position on its 
support, mainly due to vibration from 
the gas propeller, the calibration 
shifted somewhat back and forth. The 
balance was therefore recalibrated be- 
tween every run. Nevertheless, the 
practical accuracy, as far as one could 
judge from parallel runs, would be 
about 0.2—0.3 pet HS which, for a gas 
of 20-30 pct H.S, would represent a 
relative accuracy of | pct. 


SOURCES OF ERROR 


The-value we are interested in is the 
ratio H.S/H» of the gas when it is in 
equilibrium with the condensed phase 
in the hot zone. But the gas was ana- 
lyzed at room temperature. Thus the 
question arises whether or not this 
analysis is representative of the hot gas. 

Two different factors may tend to 
change the composition of the gas on 
cooling: 

1. The gas mixture, in the hot zone, 
will hold a small amount of sulphur 
vapor as Sa gas according to the 
equilibrium: 

2H.S = 2H, + S» (endothermic) 


In the present work, the sulphur 
pressure in the hot zone, Ps,, may be 
as high as 5 mm Hg. 

The sulphur vapor will be carried 
along with the gas flow and on cooling, 
will react with H, to give HS. This 
will increase the ratio HsS/H» in the 
_ cooled gas. That this reaction actually 
occurred is evident from the fact that 
no condensation of sulphur was ob- 
served in the cold part of the system. 

In order to obtain the gas ratio 
H.S/H, in the hot zone, the value ob- 
served in the cold zone must therefore 
be corrected. This correction has been 
disregarded by most investigators who 
previously have done work of this kind. 
But it can be shown that in extreme 
cases it may attain 10 pct. 
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O3 900° 1000° 1100* 1200°1300° 
°C 


FIG 2—Correction curves for H»S/H». 


The curves to the left give the correction as a function of H2S/H2,0bs) 


for five different temperatures. 


The curves to the right give 


the correction as a function of temperature for three different values 


of H2S/Ha2,0bs). 


If the correction should be done 
arithmetically on the basis of the ob- 
served gas ratio and the equilibrium 
constant for the reaction 2H.S — 2H, 
+ So, it would involve solving a third 
order equation. However, it can be 
done rather easily by a_ graphical 
method. 

From a series of arbitrarily chosen 
values for the gas ratio in the hot zone, 
called H2S/Hcor, the equilibrium con- 
centration of S. vapor was calculated. 
On cooling, each S: molecule combines 
with 2H». molecules and gives 2H.S 
molecules. Consequently, the expected 
gas ratio at room temperature, 
H.S/H.a bs), could be calculated. The 
difference 
AH.S/H» — H2S/ Habs) =a H2S/H xcorry 
was then plotted graphically against 
H2S/Haobs). When this was done for a 
series of temperatures, (for example, 
1000, 1100, 1200, 1250 and 1300°C) a 
series of smooth curves were ob- 
tained (see Fig 2). From these curves, 
the correction for any experimental 
H.S/Hoobs) could be made with suffi- 
cient accuracy. It will be seen that for 
temperatures below 1000°C and also 
for small H.S/H; ratios, the correction 
is negligible. 

2. The effect of thermal diffusion 
may cause considerable errors. 

It was shown by Soret (1881) that a 
homogeneous aqueous solution, in 
response to a thermal gradient, de- 
velops differences in concentration in 
the cold and hot zones. It was later 
shown by Emmett and Schultz® that 
the same effect occurred in mixtures of 
gases having different densities, and 
that this caused considerable errors in 
studies of gas-metal equilibria if per- 
formed in a static system. For the 
equilibrium of metal-metal oxides 


with an H.O-H,. atmosphere, the 
error in the equilibrium constant 
could be as much as 40 pct. Chipman 
and Dastur? have shown that the same 
effect arises in a dynamic system if the 
gas was insufficiently preheated before 
it reached the condensed phase. 

In the present work, special pre- 
cautions have been taken to avoid this 
source of error. The gas must be ex- 
pected to be sufficiently preheated 
before it reaches the metal as it passes 
from below, through the resistance 
heated furnace, up outside the crucible 
and then down into it. 

The fact that the gas circulates at a 
rather high rate (about 30 to 50 cm? 
per min.) prevents inhomogeneity when 
going from the hot to the cold zone. 
No appreciable change occurred in the 
gas composition when the flow rate 
was varied by a factor of two (by 
speeding up or slowing down the 
propeller) indicating that the flow rate 
was sufficient to eliminate the thermal 
diffusion. That inhomogeneity would 
occur if there were no circulation, was 
shown in one experiment: A “‘dynamic 
equilibrium” was established at 1055°C 
(Run 17) and a gas ratio of 0.218 
(corr), 0.220 (obs), was found. Then 
the circulation was arrested by turning 
the ground joint top of the apparatus. 
After the system had been left over- 
night at the same temperature, a gas 
ratio of 0.325 (obs) was measured. 
This is about 50 pct higher than the 
‘“‘dynamic composition.” The original 
value was reproduced when the circula- 
tion was started. 


EXPERIMENTAL RESULTS 


After a number of preliminary runs 
(which were made to work out the 
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FIG 3—Ratio H2S/H: for runs 1-22. 


| 


¢ 900°C 
e 1000°C 
2 100°C 
2 1250°C 


20 3 30 35 


Atomic Per Cent S$ 


FIG 4—Equilibrium ratios as a function of composition of the alloy. 


method) 22 main runs were done with 
sulphur contents varying from 0.4— 
33.3 at. pct (0.14-13.9 wt pct). In most 
of these runs the initial gas was pure 
hydrogen. However, some runs were 
started with an initial H.S/H, mixture 
of a ratio 0.25, thus approaching the 
equilibrium from the high side. These 
runs gave values in agreement with the 
rest of the work. 

In Table 1, the runs are tabulated in 
the order they were made; likewise are 
the readings at different temperatures 
listed in the sequence in which they 
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were carried out. In the first column is 
given the number of the run, the 


weight of the alloy, and the volume of 


the gas. The volume is reduced to 760 
mm pressure and 0°C. The composition 
of the silver/sulphur alloys is given in 
atomic per cent. The compositions 
which are italicized are the ones ob- 
tained by chemical analysis. The com- 
positions at other temperatures of the 
same run are recalculated from the 
analytical data, on the basis of the 
change in gas composition with tem- 
perature, the weight of the alloy, and 


Table 1... Experimental Runs 


Run No Sulphur Ratio 
Alloy Weight Pye Content H2S/H2 
Gas Volume SSS 

(in Liter) At. Pct | Corrected 

Nol 1100 0.47 0.013 

30.22g 1200 0.47 0.0165 

1.401 1290 0.45 0.014 

1105 0.47 0.0135 

980 0.46 0.0135 

1200 0.47 No reading 
made 

No 2 905 4.13 0.159 

8. 84g 1000 4.66 0.1495 

1.361 1095 5.03 0.142 

1255 5.70 0.126 
1115 5.10 0.140 
1010 4.66 0.149 

No 3 650 17.0 0.2395 

9.18g 750 tbe 0.2275 

12351 850 18.6 0.199 

910 18.9 0.190 
990 18.2 0.206 
1135 Lo 0.2225 
1275 16.6 0.234 
1100 LT6 0.2195 

No 4 800 5.2 0.216 

19. 18¢ 900 5.2 0.192 

1. 33'1 Runs at higher temperature 

failed because crucible broke 

No 5 605 4.23 02253 

21.73g 705 4.52 0.236 

1.381 770 4.68 0.2275 

885 5.40 0.1915 
955 5.49 0.186 
1095 6.02 0.160 
1190 6.08 0.1535 
1270 6.24 0.144 
1000 5.68 0.176 

No 6 900 2.05 0.154 

29.04g 910 2.57 0.124 

1.381 940 2.64 0.120 

965 2.72 0.1145 
1110 2.96 0.102 
1200 3.09 0.0935 
1300 3.15 0.089 
1005 2.74 0.1145 

No7 955 1,83 0.0705 

30.18g 1090 1.94 0.064 

1.381 1200 2.01 0.060 

1260 2.105 0.0575 
1020 1.85 0.0685 

No 8 945 i 0.041 

30.48g 1095 1.30 0.035 

1.381 1195 1.35 0.0325 

1280 1.37 0.0305 

995 1.17 0.0415 

No 9 710 0.16 0.2355 

20.36g 805 0.50 0.2185 

1.361 900 1.48 0.1715 

925 2.68 0.1185 

960 2.71 0.117 
1100 3.06 0.1015 
1200 3.22 0.0935 
1260 S220 0.092 
1015 2.90. 0.1085 

No 10 660 8.53 0.2325 

29.12g¢ 580 8.39 0.2415 

1.361 430 | equilibrium was not 

reached 

500 8.20 0.2565 

652 8.48 0.235 

795 8.83 0.210 

910 9.22 0.182 

950 9.13 0.188 
1045 9.07 0.1905 
1100 9.10 0.187 
1190 9.25 0.175 
1250 9.25 0.1705 
1000 9.01 0.195 

No 11 700 13.63 0.2295 

29 .63g 810 13.4 0.2095 

1.361 505 12.8 0.262 

900 13.7 0.190 
1050 13.4 0.2105 
1190 13.4 0.2075 
1270 13.4 0.204 
1300 13.4 0.2015 
1100 13.4 0.2095 
1005 13.4 0.2105 

No 12 910 9.16 0.188 

29.12g¢ 950 9.18 0.187 

1.341 1050 9.13 0.190 

1160 9.18 0.1825 
1260 9.24 0.174 
1000 O51 0.192 

No 13 490 Rese | 0.270 

15.42¢ 625 33.4 0.2495 

1.33] 762 paajenge 0.230 

800 33.7 0.225 

845 33.3 0.250 
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Table 1. . . (Continued) 


OO 


= Sulphur Rati 
Run No P ale 
Alloy Weight S Content H2S/H» 
as Volume eC 
(in Liter) | | 
At. Pet | Corrected 
| 
940 | 33.1~ | 0.267 
1050 32.6 0.2955 
(1100) (32.4) (0.3125) 
(extra- 
polated) 
No 14 780 17.4 0.221 
24.63¢g 910 17.8 0.192 
a RES yea | 950 i beer 0.200 
Runs at higher temperature 
failed because crucible broke 
No 15 800 32.68 0.215 
27.892 905 32.68 0.2155 
ia S| 1095 31.95 0.2895 
850 32.81 0.1985 
1000 32.32 0.2525 
No 16 905 27.6 0.190 
29.15¢g Runs at higher temperature 
EST} failed because crucible broke 
No 17 905 20.96 0.189 
23.87g 1055 20.51 0.218 
1.381 1160 20.15 0.2405 
1225 20.00 0.2475 
1000 20.59 0.2115 
No 18 890 524 0.1835 
26.41g 950 5.41 0.173 
£381 1085 5.71 0.154 
1185 5.90 0.142; 
1270 6.00 0.134 
1000 5.56 0.164 
No 19 905 26.7 0.191 
14.75g 1105 25.9 0.2265 
1.391 1180 25.4 0.2465 
1255 25.0 0.259 
1015 26.3 0.209 
No 20 900 3 Bee) 0.1985 
28.10g 1090 30.7 0.2765 
1.361 1140 30.4 0.3075 
1015 31.0 0.247 
No 21 905 27.95 0.189 
23 .3l¢g 1135 27.25 0.2425 
1.391 1220 26.95 0.265 
1050 2055 0.2195 
1250 26.70 0.275 
1000 27.85 0.206 
No 22 850 30.07 0.2005 
26.67g 895 30.15 0.194 
eso 1100 29.39 0.2655 
1250 28.80 0.317 
965 30.02 0.206 
1000 29.98 | 0.2105 


the volume of the gas. For a few runs 
in the medium composition range, the 
alloys were not analyzed but their 
sulphur contents calculated from their 
original composition by correcting for 
the sulphur losses to the atmosphere. 
These values are given with one deci- 
mal place less than the others and are 
not underlined. 

In Fig 3 is plotted the gas ratio, 
H.S/Hacorr), as a function of tempera- 
ture for all runs. Ag 

Fig 4 gives the variation of the gas 
ratio with composition of the alloy for 
four different temperatures: 900, 1000, 
1100, and 1250°C. When no experi- 
mental value existed for the exact 
temperature, the points were obtained 
by interpolation from Fig 3. 

In Fig 5 is plotted log H.S/H» 
against 1/T for a number of composi- 
tions as they are taken from Fig 4. It 
is obvious that the data given in Fig 
5 do not represent the experimental 
data directly, but are obtained by 
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interpolating between them. Therefore 
they give an idealized picture where 
experimental scatterings are smoothed 
out. On the other hand, they are de- 
rived from a large number of experi- 
mental data, and no _ appreciable 
error should be introduced by this 
procedure. 


Discussion of Results 


COMPARISON WITH THE RESULTS 
OF PREVIOUS INVESTIGATORS 


The heterogeneous equilibria be- 
tween phases rich in Ag»S and Ag have 
been investigated by Pelabon,? Keyes 
and Felsing,? Jellinek and Zakowski,4 
Watanabe,°* and Britzke and Kapustin- 
sky.* Their data are plotted in Fig 6, 
together with the present data for the 
same heterogeneous equilibria. 

The data of the previous investiga- 
tors are derived by using different 
techniques. Pelabon as well as Keyes 
and Felsing established the equilibrium 
composition of the gas mixture inside a 
container kept at constant high tem- 
perature. The gas mixture was then 
quenched to room temperature and 
analyzed. Pelabon quenched the en- 
tire container (a quartz tube); Keyes 
and Felsing withdrew the gas from the 
hot zone into an evacuated burette. As 
seen, there is poor agreement between 
their values. It should be noted that 
Pelabon worked with rather small gas 
volumes and that an inaccuracy in the 
chemical analysis is possible. Keyes and 
Felsing’s values are the averages of a 
series of parallel runs which in them- 
selves deviated as much as 10 pct from 
the mean value. 

Watanabe established his gas equi- 
librium in the hot end of a tube, and 
withdrew gas for analysis from the cold 
end. It is obvious that this leads to 
inhomogeneity of the gas by thermal 
diffusion, and that his values for the 
gas-ratio must be too high. In fact the 
value which in the present investiga- 
tion was obtained by closing off the 
circulation, and which in Fig 6 is de- 
noted by an *, agrees with what one 
should expect by extrapolation from 
Watanabe’s data. 

The data of Jellinek and Zakowski 
run rather parallel to those of the 
present investigation but are about 25 
pet higher. Their method was a dy- 
namic one in which the gas passed only 
once over the condensed phase. In 
order to correct for incomplete reaction, 
they made several runs of different 
flow rates, and the equilibrium compo- 


sitions were obtained by extrapolation 
to zero flow rate. By this extrapolation 
they actually introduce to some ex- 
tent, the effect of thermal diffusion. 
Their experimental runs were made at 
flow rates from 6 to 1 cm’ per min., 
flow rates at which the thermal diffu- 
sion already plays an important role. 

The data of Britzke and Kapustinsky 
are in best agreement with those of the 
present work. They were obtained by 
a static method of measuring the par- 
tial pressure of hydrogen in the hot 
zone by letting it diffuse through the 
walls of a platinum bulb. However, 
some uncertainty must exist in this 
method too; their data show a mini- 
mum for the gas ratio at 957°C, al- 
though no break in the curve is to be 
expected at this temperature from the 
equilibrium diagram. 


THE EQUILIBRIUM DIAGRAM OF 
THE SYSTEM 


The experimental data confirm previ- 
ous data that a region of liquid im- 
miscibility exists in the system. At 
the monotectic temperature of about 
900°C,* the silver-rich phase has a 
composition of 5.5 at. pct sulphur 
(corresponding to run 5) and the 
sulphur rich phase about 31.0 at. pct. 
This agrees with the compositions ob- 
tained from thermal analysis by 
Kracek: 5.8 and 31.1 at. pet sulphur.!° 
At higher temperatures, the immisci- 
bility gap becomes narrower and disap- 
pears at a critical temperature of 
about 1125°C (+25°C) and a critical 
composition of 24 at. pet sulphur. This 
corresponds to a rather unsymmetrical 
shape of the immiscibility region. The 
immiscibility region and the neighbor- 
ing parts of the equilibrium diagram 
are shown in Fig 7. 

The present investigation gives little 
information as to the solid solubility of 
sulphur in silver. Run 9 shows that the 
solid solubility at 800°C is not greater 
than 0.50 at. pct (0.15 wt pct) sulphur. 
The actual solid solubility is probably 
much less. 


Thermodynamic 
Caleulations 


Thermodynamic calculations will be 
carried out separately for the different 
regions of the system. 


* Kracek!0 found the monotectic tempera- 
ture equals 906°C. The present work indicates a 
temperature of 895-900°C. However, the tem- 
perature reading in this work may be a few 
degrees off, and it is further probable that 
hydrogen dissolved in the liquid metal will lower 
the freezing point another couple of degrees. 
Therefore, the value of Kracek is regarded as 
most reliable. 
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1. Below 800°C, the investigated 
equilibrium corresponds to the reaction: 


AgS¢oua + Hoeas) > 2A8¢601a) + HS¢ss) 


The equilibrium gas ratio is inde- 
pendent of the relative amounts of the 
two solid phases, as long as they are 
both present. 

The mean values of the equilibrium 
constant, averages of five runs, are 
listed in Table 2 for four different 
temperatures. 

The standard Gibb’s free energy 
AF® for the reaction is derived by the 
expression AF° = —RTInKp 

The slope of log Kp plotted against 
1/T as done in Fig 5, gives us the heat 
of the reaction: 


_ —RdinKp 
AH = leh 4 
Furthermore: 
dAH 
| dT |, = ACp 


where ACp is the increase in specific 
heat resulting from the reaction. 

In the following, a calculation will 
be carried out to derive expressions for 
the heat and Gibb’s free energy of the 
reaction, as a function of temperature, 
on the basis of the experimental data 
and the specific heats of the com- 


ponents involved. The procedure for~ 


these calculations is the same as that 
used by Watanabe, except that more 
recent data are applied for the specific 
heats. For the specific heats Cp, the 
values listed by Spencer,1! for the gases, 
and by Kelley," for the solids, are used. 

Silver sulphide exists, according to 
Kracek,’® in three modifications de- 
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i + -j04 
FIG 5—Log H2S/H» as a function of 1/T. 


Figures to the left give sulphur content of the alloy in atomic per cent. 


10 " 12 13 


noted III (below 176°C), II (176- 
586°C), and I (586-mp). The heat of 
transformation at 176°C = 449°K is 
given by Kelley. 
AgoSin > AgoSn 

AHas9 = 1000 cal/mol 
The heat of transformation Ag Sp 
— AgoS; is not known. Kracek finds 
that the heat effect at 586°C is less 
than one-tenth of the heat effect at 
176°C. This indicates that the heat of 
the reaction AgoSyz > AgoS; is less than 
100 cal which is inside the experimental 
error of the present work. 

Likewise no data exist on the specific 
heat of AgoS;. It cannot, however, be 
much different from that of AgsS;, and 
no appreciable error will be introduced 
by using this value above 586°C also. 

Thus, the transformation at 586°C is 
entirely disregarded in the present 
calculations. 

For the reaction: 


AgeSt anarr + H,— 2Ag + H2S 
ACp = —9.683 + 7.052 - 10-87 
+ 0.304 - 10-87? — 0.634 - 10-973 
and 
AH = 4720 — 9.683T 
+ 3.526 - 10-872 + 1.01 - 10-87 
= 0.159;- 10-27" 1) 
AF° = 4720 + 22.297 log T 
— 3.526 - 10-872 — 0.051 - 10-®T 
+ 0.053 10-974 —. 65,117" [2] 
From the last expression, AF° and 
log Kp are calculated for comparison 
with the experimental data. They are 
listed in the last columns in Table 2. 
The agreement is satisfactory. 
If the expressions 1 and 2 are com- 


Table 2... Mean Values of Equi- 
librium Constant oe 
AgSe) + Ha) = 2Ag@) + HSo) Kp = >y- 


Kp Kp ° 3 
hick T°K exec: AF? exp.|AF® calc. 
500 773 | 0.263 | 0.264 | 2050 cal | 2043 cal 
600 873 | 0.249 | 0.248 | 2414 cal | 2418 cal 
700 973 | 0.232 | 0.231 | 2830 cal | 2836 cal 
800 1073 | 0.215] 0.214} 3281 cal | 3289 cal 


bined with corresponding expressions 
for the reaction H.S — H». + 14S, one 
obtains the heat and free energy for the 


reaction AgsS—> 2Ag + 14So@s); and 


one can also derive the partial pressure 
of S, vapor. These calculations will not 
be done here. 

On the basis of Eq 1 and 2, the 
values for the heat and free energy at 
the transformation temperature 449°KC 
are obtained. 

For the reaction AgoSn + H.— 2Ag 
+ HS 


AH 449 = 1084 cal and AF ° 449 = 1316 cal 


and for the reaction AgeSr + He 
= 2Ag ot Hs 
AHas9 = 1084 + 1000 = 2084 cal 

AF? ga9 = 1316 cal 


Below 449°K, one has: 


AgSin + H:— 2Ag + HS 
AH = 4370 — 6.683 T 
+ 3.526:10-372 + 0.101-10-8T? 
— 0.159:10-974 [3] 
AF®° = 4370 + 15.39 T log T 
— 3.526:10-38T2 — 0.051-10-®T3 
+ 0.053:10-9°74 + 46.01T [4] 
This gives for 298°K = 25°C 
AH oo = 2693 cal AF ° oo = 1692 cal 


The heat and free energy of the reac- 
tion HS = H,+S, at 298°K are 
known! 


AH aos = 4800 cal AF o98 =! 7865 cal 


Combining these two sets of values, 
one obtains for the formation of 1 mol 
of silver sulphide from the elements at 
room temperature: 


2Ag +38, = Ag Snr 


AH aos =-— 7493 cal 
AF° 98 = — 9557 cal 


The largest uncertainties in the 
present calculation are in specific heats 
of the silver-sulphides which are known 
with an accuracy of only 5 pct, which 
causes an uncertainty of 600 cal in the 
calculation of the heat and free energy 
at room temperature. The determina- 
tion of the heat of reaction at high 
temperature is probably correct to 
+200 cal; hence the total uncertainty 
in AH oo and AF sos will be 800 cal. 
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FIG 6—Comparison of present results with results of previous 


investigators. 
= Pelabon 
& F = Keyes and Felsing 
& Z = Jellinek and Zakowski 
CBTc = Result of the present 
work 
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The heat of formation of Ag.S 
from the elements has been deter- 
mined experimentally by Zeumer and 
Roth!? to AH 403 = — 6,660 al 200 cal. 

The standard free energy of forma- 
tion is listed by Latimer!* as —9,500 
cal, a value with which the present 
result is in very good agreement. 
Latimer’s value is the average of inde- 
pendent measurements of equilibrium 
constants in aqueous solutions. 

The standard free energy has also 
been given by Kelley as —8,680 cal, 
but his value is based on the equilib- 
rium constants at high temperature by 
Keyes and Felsing, Jellinek and Zakow- 
ski, and Watanabe in combination 
with the heat of reaction adapted from 
Zeumer and Roth. 


THERMODYNAMIC RELATIONS IN 
THE MOLTEN STATE 


Calculations of the heats of reaction 
and free energies for the heterogeneous 
reactions above the melting point, for 
instance Ag»S-rich melt + H.— Ag- 
rich melt + H.S, can be done in the 
same way as for the solid equilib- 
rium. Such calculations have rather 
little physical significance as they 
involve phases in which the composi- 
_tion changes considerably with the 
temperature. 

A clearer description of the thermo- 
dynamics in the molten state is 
obtained by plotting the partial thermo- 
dynamic functions for sulphur and 
silver as a function of the composition. 
The partial atomic heat content of 
sulphur dissolved in the melt can be 
expressed in different ways, depending 
on what standard state is chosen: 

The heat of the reaction H.S — Hz. 
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W = Watanabe 
B & K = Britzke and Ka- 


1200 


1100 


°c 


Temperoture 


1200 1300 


FIG 7—Phase diagram 


pustinsky 


* = Gas ratio for run without 
circulation allowing thermal 
diffusion 'to take place 


+ S<aissoveay Will be denoted by AHsg 
and is the heat required to transfer one 
gram atom of sulphur from hydrogen 
sulphide to the melt—the melt being 
kept. at constant composition.* AHs 
is given by the expression 


~  dl,H.$/H, 
AHsg = Boat 


and can be obtained from the slope of 
the curves in Fig 5. 

If, on the other hand, the partial 
heat content of sulphur is referred. to 
monoatomic sulphur vapor as. the 
standard state, it will be denoted by 
AHs’. In the temperature region 
1000-1250°C AHs and AHs’ will differ 
by 74.680 cal which is the heat of 
the reaction H.S— H, + S:,) in this 
temperature range, calculated from 
Kelley’s data. 

The partial heat content of silver, 
AH,g,, is related to the corresponding 
value for sulphur by the equation 


Na, dA Ha, + Ned AHs = 0 


Naz and Ng mean the atomic fractions 
of silver and sulphur respectively. This 
equation is independent of what stand- 
ard state is chosen for sulphur. Inte- 
grating this equation graphically, the 
partial heat content of silver referred 
to pure molten silver as standard state, 
can be derived. The partial heats 
AHs, AHs’ and AHg, are plotted in Fig 
8, all as a function of composition. 

A few points became apparent from 
Fig 8; the partial atomic heat of sulphur 
is independent of concentration in the 
dilute range 0-3 at. pct sulphur, that 
is, Henry’s law is followed. 

Between 3 and 30 at. pct sulphur, the 


* AHsg is independent of the partial pressure of 
H2S, which behaves as a perfect gas. 


Two Liquids 


Two Liquids 


Atomic Per Cent S$ 


for the melting region of the system silver/ 
silver-sulphide. 


partial heat of sulphur AHg decreases 
linearily with the sulphur content. 
Between 30 and 3314 :at. pet sulphur, 
the atomic heat seems to increase 
somewhat. The experimental data are 
not too good here, however, and a‘con- 
siderable error is possible. 

Contrary to what is usually the 
case for a solute, the partial heat of 
sulphur decreases with increasing con- 
centration. In a later section this 
phenomenon willbe more thoroughly 
discussed, as well-as its relation to the 
immiscibility phenomen in this system. 

The chemical potential ws and the 
chemical activity ag of sulphur in the 
melt are given by the equations 


ts = RT In H.S/H; + Lg? 
ag = K,-H.S/H. 


The standard. potential us° and the 
constant K, depend again on what 
standard state is chosen for sulphur. 

Using the Gibbs-Duhem equation, 
we can derive the chemical activity of 
silver dag: 


Nag din ag + Ng dln H.S/H» = () 


This equation is integrated graphic- 
ally and pure molten silver is given the 
activity one. 

The chemical activity of Ag2S is de- 
fined by the expression 


Aag.s — K2(dag)?*H2S/H2 


The constant K, is so chosen as to 
make dagz,s unity at the stoichiometric 
composition. 

In Fig 9, the chemical activity of 
silver, the H.S/H, ratio and the chemi- 
cal activity of Ag.S are plotted for the 
temperature 1125°C (the critical tem- 
perature of immiscibility). 
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FIG 8—Partial atomic heat content of silver and sulphur. 
Figures along the abscissa indicate atomic pct sulphur. 


The typical positive deviation from 
Raoult’s law is apparent for all three 
curves, and they all have a horizontal 
tangent at 24 at. pct sulphur, corre- 
sponding to the critical composition. 

One can further see that the activity 
of silver has a considerable value even 
for a melt of composition Ag.S. Thus, 
the system Ag-Ag,S cannot be treated 
thermodynamically as a simple binary 
system but only as part of the system 
Ag-S. 

The activity of silver follows Raoult’s 
law in the silver rich part of the system 
—the activity of sulphur following 
Henry’s law. 


THE HEAT OF FUSION OF Ag.S 


The heat of fusion of Ag.S may be 
determined in two different ways: 

1. The break in the curve ECB (Fig 
5) at the eutectic temperature 804°C 
corresponds to about 900 cal. This 
would be equal to the heat of fusion if 
there were no change in the partial 
heat content and partial free energy of 
molten Ag.S between 31 and 3314 at. 
pct sulphur. Because this assumption is 
not strictly correct, the actual heat of 
fusion will be somewhat less than 900 
cal. 

2. Knowing the variation of the 
activity of AgoS in the melt between 
31 and 3314 at. pct sulphur, and the 
lowering of the freezing point of Ag.S 
by addition of silver, the heat of fusion 
can be determined by the equation 

dT, RT? dln dags 
‘dz  AHn dz ye 
xz = atomic fraction of silver 
Tm = freezing temperatures 
AH,, = heat of fusion of Ag.S 

The chemical activity of Ag.S is 
proportional to the product (da,)?. 
H.2S/H2; the freezing point lowering is 
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AHs and AHAg are read on the scale to the left. 
AHs’ is read on the scale to the right. 


obtained from the work of Kracek,!° 
and a value for AH,, of about 700 cal is 
obtained. 

This method involves a considerable 
degree of uncertainty and the obtained 
value must be regarded as preliminary. 

It seems likely, however, that the 
heat of fusion is considerably lower 
than the 3400 cal per mol listed by 
Kelley.!® The disagreement is so large 
that a redetermination by more accu- 
rate methods is desirable. 

A value for the heat of fusion of 
700-900 cal is amazingly low and would 
correspond to an entropy of fusion of 
less than one calorie per degree per mol. 
Very few substances are known to have 
an entropy of fusion that low (a value 
from 2—5 units per mol is usual). On the 
other hand, a very low entropy of 
fusion is to be expected from the crystal 
structure of solid AgeoS which according 
to Rahlfs!® shows a high degree of dis- 
order. In this crystal structure the 
silver atoms are almost randomly dis- 
tributed and can be compared with the 
atoms in a liquid, whereas only the 
sulphur atoms form a regular lattice. 
Therefore, the entropy of fusion should 
correspond to the breaking down of the 
sulphur lattice only. 


A Tentative Theory for | 
the Relation between 
Thermodynamics and 
Structure of the Melt 


Little is known about the structure of 
molten metals and alloys and especially 
meager is our knowledge of the struc- 
ture and chemical forces in molten 
metal-sulphur systems. For the follow- 
ing treatment, a few known facts will 
be summarized: 


1. Solid silver crystallizes in a close 
packed cubic structure with coordina- 
tion number 12 and distance between 
nearest neighbors = 2.88A. 

2. Molten silver has a_ structure 
closely related to that of solid silver but 
lacks the long range regularity of the 
solid state. The coordination number is 
J1-12 and nearest neighbor distance 
slightly more than in the solid. In the 
following, an average coordination 
number of 11.5 will be assumed. In 
both solid and liquid silver, the inter- 
atomic bond is metallic. 

3. Solid Ag.S (modification IT) crys- 
tallizes in a cubic structure, where the 
silver atoms are almost randomly dis- 
tributed (per unit cell 4 silver atoms 
can occupy 42. positions).1° Each 
sulphur atom has about seven nearest 
silver neighbors at a distance of about 
2.6A. The distance to the nearest eight 
sulphur atoms is 4.225A. Each silver 
atom has on the average about ten 
nearest silver neighbors at a distance 
of about 3.0A. The crystal structures of 
modifications I and III are not known 
in detail but are regarded as closely 
related to modification II. Therefore, 
the number of nearest neighbors and 
the distance between them should be 
about the same as in modification II. 
As the heat of fusion of Ag,S seems to 
be very low, the structure of the melt 
should not be expected to differ very 
much from the solid state. 

The nature of the interatomic bond 
in AgS can be described as predomi- 
nantly metallic since the compound ex- 
hibits electronic conductivity with 
a negative temperature coefficient.!7 
There is no reason to assume the nature 
of the interatomic bond to be any dif- 
ferent in the liquid than in the solid 
state. 
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FIG 9—Chemical activities for silver and silver sulphide and 


the ratio HoS/He até = 1125°C. 


The gas ratio is a measure of the chemical activity of sulphur. 


One should, therefore, in this com- 
pound apply the atomic radii for 
metallically bonded atoms rather than 
the ionic radii. The atomic radii which 
are in best harmony with the inter- 
atomic distances are 1.5A for silver and 
1.14 for sulphur. 

The ratio Rg/Ra; is close to 0.73. For 
a close packing of atoms, this would 
correspond to a coordination number: 
8 (silver neighbors around each sulphur 
atom) while 7 is actually found in solid 
AgS. For the discussion of the struc- 
ture of the melt, the average coordina- 
tion number is assumed equal 7.5. 

We will discuss the energy required 
to introduce one gram-atom of sulphur 
from monatomic vapor into molten 
silver or into a silver-sulphur melt, the 
melt being kept at constant tempera- 


ture. This energy equals AHg’ from the 
preceding section. It will be necessary 
to expand one of the interstitial posi- 
tions in the silver melt to make room 
for each sulphur atom. Structural con- 
sideration indicates that this requires 
the breaking an average of 1.5 Ag-Ag 
bonds, and a slight adjustment of the 
silver atoms. If more and more-sulphur 
atoms are added to the melt, more 
interstitial positions are expanded, each 
requiring the breaking of 1.5 Ag-Ag 
bond. When one gram atom sulphur 
has been added to 2 g atoms silver 
corresponding to a composition Ag.S, 
1.5 N out of 11.5 N Ag-Ag bonds have 
been broken, leaving 10 N bonds un- 
broken, corresponding to each silver 
atom being surrounded by 10 silver 
neighbors. This agrees with the coordi- 
nation number 10 which is actually 
found in solid Ag.s. 
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The energy required to introduce one 
gram atom of sulphur from monatomic 
vapor into the melt will be the energy 
required to break N 1.5 Ag-Ag bond 
minus the energy liberated by the for- 
mation of new interatomic bonds. The 
energies of the interatomic bonds will 
be denoted by the symbol V. 

For a diluted solution of sulphur in 
molten silver, the individual sulphur 
atoms will be sufficiently separated not 
to interact and 


AHs’ = N-(1.5Vaeae — 7.5 Vags) 


As 'AHsg'l according to Fig 8 equals 
— 69,500 cal for a dilute solution, and 
N:Vag-ae 18 calculated from the heat of 
vaporization of liquid silver equal 
12,000 cal, one obtains the energy of N 
silver-sulphur bonds, N-Vag-s, equal 
11,650 cal. 

With increasing sulphur concentra- 
tion, we find that AHg’ decreases and 
reaches a value of about —82,000 cal 
when the composition approaches Ag,S. 

This decrease in heat content is very 
likely due to the fact that more and 
more sulphur atoms will occupy neigh- 
boring ‘‘expanded interstitial” posi- 
tions, that is, they will be second 
nearest neighbors in the melt, and that 
these sulphur neighbors exhibit attrac- 
tive forces on each other. Thus, bring- 
ing two sulphur atoms into neighboring 
“‘interstitial’’ positions will liberate a 
certain energy Vs.s. 

The fact that the energy of the sul- 
phur-sulphur bond has a positive value 
means that each sulphur atom will tend 
to attract other sulphur atoms to have 
as large a number of sulphur neighbors 
as possible. On the other hand, thermal 


agitation will tend to distribute the 
sulphur atoms statistically among the 
available positions to make the entropy 
as large as possible. The net effect is a 
distribution of the atoms which gives 
the lowest free energy. The number of 
sulphur neighbors in neighboring “‘in- 
terstitial”’ positions will be somewhat 
larger than corresponds to random dis- 
tribution. We will have a type of short 
range order in the melt. (See Fig 10.) 

The total free energy of mixing can, 
for a given temperature, be expressed in 
the following terms: 


AF (z, n) = AH(@, n) — TAS(az, n) 


zg is the mol fraction of sulphur and n 
the number of sulphur-sulphur bonds. 
AH will decrease with increasing value 
of n, and AS will decrease with increas- 
ing value of n in excess of what corre- 
sponds to random distribution. 

If the exact dependencies of AH and 
AS with respect to n were known, the 
minimum value of AF and the degree 
of short range order could be obtained 
by setting 

OAF 
on n= 9 

Such a statistical derivation, espe- 
cially of the entropy, cannot at the 
present be carried out. 

The energy of the sulphur-sulphur 
bond can be derived from the difference 
in AHg for a stoichiometric and a 
diluted melt. This difference is 12,500 
cal. On the assumption that each 
sulphur atom has 8 sulphur neighbors 
in a melt of stoichiometric composition, 
as it has in solid AgS, the energy of 
N sulphur-sulphur bonds will be: 
N-Vgs = 1560 cal. 
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The energy of the interatomic bonds 
will not vary much with temperature. 
By decreasing temperature however, 
the term TAS in the free energy ex- 
pression will decrease, allowing an 
increase in the degree of short range 
order. But an increase in short range 
order of this kind cannot go on in- 
definitely with maintenance of the 
homogeneity of the melt. The sulphur 
atoms will more and more accumulate 
into clusters separated from each other 
by regions where concentration of sul- 
phur atoms is small. When the cluster 
formation has reached a certain extent, 
large enough to overcome the surface 
tension, the melt will break down into 
two liquids, one rich in sulphur cor- 
responding to the Ag»S-rich phase and 
one low in sulphur corresponding to the 
Ag-rich phase. 

Thus there is a close relationship be- 
tween the decrease in AHsg with increas- 
ing sulphur concentration, the degree 
of short range order in the melt, and 
the fact that it separates into two 
layers by cooling. 

The author is aware of the fact that 
this last section has been rather specu- 
lative and suffers from errors of over- 
simplification. Thus, for example, it is 
not strictly correct to assume the size 
of the atoms, and consequently the 
coordination number, to be absolutely 
constant all through the system. The 
assumption that the energy of the indi- 
vidual interatomic bonds are inde- 
pendent of the composition is also 
probably incorrect. But the errors thus 
introduced will be small compared with 
the large variation of AHs going from 
diluted to stoichiometric composition. 

The main idea has been to introduce 
a general concept of the structure of a 
metal/sulphur melt and show that such 
a concept is consistent with observed 
thermodynamic properties. It is un- 
likely that the atomic arrangement in 
other metal/sulphur systems is in prin- 
ciple different from that of the system 
silver/sulphur. Most metal/sulphur 
systems show either immiscibility be- 
tween a metal melt and a sulphide 
melt, or miscibility with a pronounced 
positive deviation from Raoult’s law. 
Also in these cases, short range order 
should exist in the melt, although there 
is no reason to assume the existence of 
defined sulphide molecules. It follows 
therefore, that the discussion of which 
sulphides do exist, for example, in 
molten steel (a discussion which is 
common among metallurgists) is some- 
what beside the point. One should 
rather discuss the influence of different 
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FIG 10—Two dimensional sketch of the 
suggested atomic arrangement for a silver- 
sulphur melt containing about 20 at. pct 
sulphur, indicating short range ordering of 
the sulphur atoms. 


8 Sulfur 


alloying elements on the chemical 
activity of dissolved sulphur, and on 
the interatomic arrangement. 

The author hopes, in another paper, 
to return to this last subject. 


Summary 


A thermodynamic investigation of 
the system silver-silver sulphide has 
been undertaken. The principle of this 
investigation is the reaction of sulphur 
from the silver sulphur alloys with 
hydrogen to form hydrogen sulphide, 
the equilibrium ratio H.S/H» being a 
measure of the escaping tendency of 
sulphur. 

An apparatus was designed in which 
the equilibrium gas ratio was obtained 
by circulating the gas mixture over the 
specimen, and the composition of the 
gas mixture was subsequently deter- 
mined from its density by means of a 
buoyancy-balance (see Fig 1). The 
possible sources of error were discussed. 

Altogether, 22 samples containing up 
to 33.3 at. pet sulphur have been stud- 
ied over the temperature range 500- 
1300°C. The equilibrium ratios H.S/H, 
are plotted as a function of temperature 
in Fig 3 and 5 and as a function of alloy 
composition in Fig 4. 

It was shown that the immiscibility 
region in the system has a critical tem- 
perature of about 1125°C correspond- 
ing to a critical composition of 24 at. 
pet sulphur (see Fig 7). 

The heat and standard free energy 
of the reaction AgeS..) + Ha) > 2Ag%,) 
+ H2Sc) were obtained from the ex- 
perimental data and are expressed as 
functions of temperature. 

The heat and standard free en- 
ergy of formation of AgsS from the 
elements have been calculated for room 
temperature, 


AHoos = —7493 cal and 
AF 598 = =~9557 cal 


The heat of fusion of Ag»S has been 
estimated to 700-900 cal. 

The partial heat content and chemi- 
cal activity of sulphur in the liquid 
phase have been computed and the 
corresponding values for silver have 
been calculated by means of the Gibbs- 
Duhem equation (see Fig 8 and 9). 

The last section contains a discus- 
sion of the relation between thermo- 
dynamics and the structure of the 
silver-silver sulphide melts. A model of 
the structure is suggested, the model 
being consistent with observed thermo- 
dynamic data and also with the ex- 
istence of immiscibility in the system. 
(See Fig 10.) 
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Autogenous Roasting of Low Grade 
“ine Concentrate in Multiple 
Hearth Furnaces at Risdon. 
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J. A. B. FORSTER * 


The operations of the Electrolytic 
Zine Co. of Australasia Ltd. involve 
the preliminary roasting of zinc con- 
centrate from Broken Hill, New South 
Wales, at a number of acid-making 
centers on the Australian mainland. 
The partially roasted material is 
shipped to the Tasmanian plant where 
‘it was formerly re-roasted prior to 
leaching, but this practice was gradu- 
ally abandoned in favor of the flotation 
of leach residue for the recovery of a 
concentrate containing about 22 pct 
sulphide sulphur and known. as sec- 
ondary or Risdon concentrate.? This 
change, together with increased zinc 
production, called for new furnaces at 
Risdon for the roasting of 40-50 tonst 
of secondary concentrate and 90 tons 
of new concentrate per day. 

The war situation made it impera- 
tive that construction be commenced 
without delay and to save time it was 
decided to base the design on that of 
Skinner type furnaces which had been 
built in South Australia twenty years 
earlier. 

This involved some sacrifice of 
desirable features but did not prevent 
the incorporation of provisions which 
had enabled small Herreshoff type 
furnaces to roast secondary concen- 
trate autogenously. The roasting rate 
in existing furnaces was 10-12 lb 
sulphide sulphur per sq ft of hearth 
area per day, and eleven hearths, 
20 ft in diam, were provided in the 
two new furnaces in anticipation that 
they would prove capable of the 
autogenous roasting of 130-140 tons 
of concentrate per day from 28-29 pct 
sulphur down to 4.5-5 pct, with an 
oxidation rate of 11-11.5 lb S/S per 
sq ft of hearth area per day. 

It was soon realized, when the first 
of the furnaces went into operation, 
that a much better performance than 
this might be given, and the purpose 
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* Superintendent, 
Casting Division, Risdon Works, Elec- 
trolytic Zinc Co. of Australasia, Ltd., 
Tasmania. 

+ Throughout this paper the ton is 
2240 Ib. 

1 References are at the end of the 


paper. 


of this paper is to show how a treat- 
ment rate of 100 tons per furnace day, 
and oxidation rates approaching 15 lb 
S/S per sq ft per day have been 
reached. 


Furnace Design 


General specifications for the design 
were based on the results of experience 
with several other types of furnace 
and on the special operating conditions 
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expected. The general arrangement is 
shown in Fig 1, 2 and 3. 

The original hearths had a camber 
of 8 in. and were very difficult to keep 
clean. To build flat hearths involved 
major changes in design, and a com- 
promise was reached by thickening the 
haunch blocks and five outer rings of 
hearth blocks as much as minimum 
door size would allow, but the original 
camber remains in the central portions 
of the hearths. 

The working doors are covered by 
outer doors which form chutes right 
down the face of the furnace to 
hoppers in the basement where spillage 
and cake from the hearths are col- 
lected. These chutes are ventilated by 
a fan which exhausts from both top 
and bottom of each chute so as to be 
effective when any door is open. 

The column and rabble arms are 
air cooled, and the air leaving the 
bottom of the column is distributed 
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FIG 2—Plan A-B (See Fig 1). 


to three mains rising alongside the 
furnace. Air is supplied to the hearths 
from these mains through ports con- 
trolled by disc valves. The tops of the 
mains are connected through a damper 
to the fan supplying the rabble-cooling 
air. This arrangement permits hot air 
to be supplied to all hearths when 
necessary, while cold air may be used 
down to any desired level of the fur- 
nace. Hot air may be exhausted to 
atmosphere when desired. 

In the second furnace, Nos. 6, 7, and 
8 hearths are each provided with an 
additional port for the injection of dust 
recovered from the furnace gases by 
means of cyclones. An additional port 
in No. 9 hearth accommodates a small 
oil burner which is not in continuous 
use. 

Rabble arms are of cast iron and 
have an indefinite life. The rabble 
teeth in No. 1 hearth are of special 
cast iron and last 2-3 years; all other 


Lila 


teeth are 27 pct Cr and the average 
life is 314 years. 


Design and Arrangement 
of Rabble Teeth 


A large contribution to the present 
performance of these furnaces has 
been made by improvement in the 
design and arrangement of rabble 
teeth. There are five factors of impor- 
tance in design: angle of approach, 
throw, spacing, depth and overlap. 
These have not always had the atten- 
tion they deserve, though this may 
mean the difference between failure and 
success of a furnace. 

Angle of approach is the angle 
between the blade of the tooth and 
the tangent to its circle of movement. 
If this angle is too large the material 
being rabbled will not slip across the 
blade but will tend to build up in front 
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and to be pushed around the furnace; 
an overloaded condition will quickly 
develop. If the angle is smaller than 
need be the blade of the tooth will 
be too long and heavy in relation to 
the work required of it. The smaller 
the angle and the longer the tooth the 
more difficult it will be to clean the 
blades when necessary. The angle may 
be relatively large for material moving 
down ‘a slope or outward across the 
hearth, but must be smaller for the 
same material on upward slopes and 
for inward rabbling. Free moving 
material like dry sand can be worked 
with the most economical angle, 45°, 
on outward traverses, but angles of 
less than 30° may be necessary for 
sluggish or “sticky”? material on in- 
ward traverses. 

The throw is the radial distance 
between the leading and trailing edges 
of the teeth; it is rather more than 
the effective radial distance of the 
movement of material because of 
*‘slip”’—that is, the material which, 
as the trailing edge passes on, slips 
back from the rill of the tooth into 
its path. In the first place the throw 
determines the number of times the 
roasting material will be turned over 
during its traverse of the hearth; 
consequently it has an important 
bearing on the amount of roasting 
done on the hearth. Long throw thins 
the mobile bed and may be a factor 
in overcoming an overloading tendency. 
Throw also determines, to some extent, 
the spacing of the teeth, and hence 
the convenience with which tooth 
cleaning is done, and its frequency. 

Spacing, the center to center distance 
of the teeth on the arm, must not be 
too small or the cleaning of teeth 
becomes a difficult operation likely to 
result in mishap. Under heavy loads 
close spacing also means increased 
friction in the passage of material 
between teeth and makes the develop- 
ment of overloading more probable, 
besides decreasing the exposure of the 
material to the furnace atmosphere. 
In determining spacing, allowance 
must be made for any tendency of 
the material to crust on the teeth as 
this of course decreases the effective 
spacing between successive cleanings. 
Spacing must not exceed the throw 
multiplied by the number of arms in 
the hearth if the whole of the hearth 
is to be swept by the teeth, but if the 
material rills easily and a deep mobile 
bed is desired, it is possible even to 
double this figure and have consider- 
able bands of unswept hearth, par- 
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FIG 3—Composite hearth plan. 


ticularly if the throw is relatively 
small. 

The depth of the teeth determines 
firstly the depth of immobile bed on 
the hearth, and secondly, in con- 
junction with spacing, the maximum 
cross section of material which can 
be moved effectively at each pass of 
the arm. Where the material has to 
traverse a slope it is the depth of tooth 
nearest the crest which is the deter- 
mining or effective depth of all teeth 
on the hearth. If the effective depth 
of tooth divided by the spacing is 
less than the tangent of the angle of 
rest of the material, the furnace will 
be unable to attain its possible trans- 
port capacity, but it is not of much 
advantage for this value to be exceeded 
greatly unless a deep, slow-moving bed 
is to be maintained by having the 
spacing exceed the throw multiplied 
by the number of arms, or unless two 
teeth of opposite throw are used to- 
gether to form a “‘scoop”’ for gathering 
material into a drophole. 

On a flat hearth “slip” is normally 
a little less than one-eighth of the 
mobile load gathered by the tooth; 
on downward slopes and outward 
traverses it is less, on upward slopes 
and inward traverses it is more. On 
cambered inward rabbling hearths, the 
greater slip tends to increase slip still 
further, so that there is a distinct 
tendency for such hearths to become 
overloaded and, finally, completely 
choked. It is important in such cases 
to keep the upward slope to a mini- 
mum by having as little immobile bed 
as possible near the crest. A further 


and effective remedy is the use of 
some overlap, that is, having the 
paths of teeth on one arm overlap 
the paths of those on the preceding 
and following arms. It is present when 
spacing is less than throw multiplied 
by the number of arms; (by 2 in the 
special case where four arms operate 
as two effective pairs). This is, of 
course, a particular case of the general 
principle that increased throw tends 
to thin the mobile bed, for the simplest 
way of getting overlap is to increase 
the throw of the teeth without altering 
the spacing. 

Where two teeth of opposite throw - 
are used to form a V or scoop for 
gathering large quantities of material, 
as in the case of a final hearth where 
the whole load has to be concentrated 
to a single drophole, it is essential 
that the base of the scoop be suffi- 
ciently open to leave a considerable 
trail of material behind it. The ideal 
opening will permit so much to escape 
that the scoop will have accumulated 
its full load only shortly before it 
reaches the drophole. In the final 
hearth it is also desirable, if the load 
is large, that each arm should carry 
a scoop commanding the drophole, but 
these scoops should not work over 
identical paths. 

A significant factor in all rabbling 
is that on outward rabbling hearths 
the load is being spread over a larger 
and larger area, as it progresses, while 
the reverse is the case on inward 
rabbling hearths. To secure the best 
possible combination of roasting and 
transport capacities the throw of teeth 
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should be at the practical minimum 
at the outer ends of the arms and in- 
crease progressively inwards. This calls 
for a great diversity of patterns, and, 
except for the use of some overlap, 
has not been adopted in the Risdon 
furnaces, mainly because roasting ca- 
pacity has already reached a level 
which makes gas velocity through the 
third hearth dropholes as high as is 
desirable; the use of shorter throw 
teeth in the outer parts of the lower 
hearths is contemplated as a means 
of still further improving the com- 
pleteness of the roast. 

Within a few weeks of starting, the 
first furnace was being operated to the 
full capacity of its hearth transport 
system, which proved, under test, to 
be about 75 tons per day, nonstop. It 
was obvious that the furnace had by 
no means attained its full roasting 
capacity, and if this were to be realised 
an increase of transport capacity must 
be obtained. In fact, a very big increase 
would be necessary for, in any furnace 
roasting galena bearing concentrate, 
the transport capacity must con- 
siderably exceed roasting capacity if 
smooth, efficient operation is to be 
obtained. The reasons for this are 
that the best roasting temperature is 
not far below the softening point of 
galena, and that hearth temperatures 
tend to rise with deepening of the 
mobile bed. If the furnace is being 
operated at near its full transport 
capacity a slight increase of feed rate, 
_ or delay in the routine of tooth cleaning 
will deepen the beds slightly, and the 
consequent rise of temperature may 
make the galena sticky; mobility 
decreases, teeth become dirtier, and 
in consequence of this vicious circle 
the hearth soon becomes seriously 
overloaded. 

The functioning of the teeth was 
studied in all parts of the furnace and 
also in wooden model hearths con- 
structed to scale and using dry sand 
and pigments. New teeth were designed 
for special purposes in different parts 
of the furnace; new combinations were 
worked out, and within a few months 
transport capacity was raised to over 
100 tons per day. An average rate of 
105 tons per 24 hr, nonstop, has been 
maintained for weeks on end, but the 
actual maximum transport capacity 
is uncertain, as there must always be 
some safety margin to guard against 
overloading. The above rates refer to 
operation at the normal column speed 
of 0.52 rpm; 120 tons per day has been 
reached at 0.61 rpm. 
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The first problem was the outward 
rabbling top hearth. The secondary 
concentrate carries 14 pet moisture, 
and having been filtered from a strong 
zinc sulphate solution, it has a very 
‘sticky’? stage during drying. The 
concentrate tended to reach the drop- 
holes in this condition and grew and 
baked in the openings to the detriment 
of draught. As the cover arch is similar 
to an inward rabbling hearth, and the 
feed-hole is outside the gas offtake, 
the inner fifth of the first hearth was 
not being used. From immediately 
under the feed-hole inwards, one arm 
was dressed with narrow angle, short 
throw teeth, the remainder of this 
arm and all the other being dressed 
with narrow angle, long throw teeth 
in place of the original wide angle, 
short throw teeth. This arrangement 
caused feed to be spread over the 
central portion of the hearth; but as 
the inward throw is less than the out- 
ward throw there is no congestion. The 
arrangement is shown diagrammatic- 
ally in Fig 4. The narrow angle per- 
mitted the concentrate to be moved 
more freely in the sticky stage and the 
long throw thinned the bed. Drying 
was now completed on the first hearth, 
and at most of the dropholes roasting 
had begun, so that a second sticky 
stage, caused by the presence in 
secondary concentrate of a _ small 
amount of elemental sulphur, had also 
been passed. 

The second major problem was the 
congestion of the inward rabbling 
hearths, especially the most active 
fourth, mainly due to camber. Some 
alleviation was obtained by lengthen- 
ing the inner teeth at the-expense of 
making the immobile bed rather too 
thin to permit easy removal of hearth 
cake. The later, fully effective solution 
was the use of teeth with overlap 
across the whole cambered portion of 
the inward rabbling hearths. A subse- 
quent modification was to reduce the 
number of overlap teeth in the eighth 
hearth and to eliminate them from 
the tenth to increase the depth of 
mobile bed and consequently the 
time of passage of these hearths. The 
reason for this is that it was observed, 
when the furnace was stopped for some 
hours except for a_half-turn half- 
hourly, that the prolonged soaking 
greatly increased the penetration of 
the roast into the small aggregates 
which form very freely during the 
drying of secondary concentrate, owing 
to the zinc sulphate content. It is quite 
practicable to operate these lower 


hearths with lower transport capacity 
because galena is no longer present. 

At higher loading rates spill from 
the inside of outward rabbling hearths 
increased. The teeth nearest the col- 
umn on these hearths were elongated 
so that the leading edges of the blades 
almost touch the column. 

The outward teeth most generally 
used in the Risdon furnaces have the 
following characteristics: 


T 


Outward 
Teeth 


Throw—in....... q 
Spacing—in...... 13 10 8 


Angle of approach|32° | 45° | 30° | 32° |32° | 28° 


Se eS ee ee 
* Designed for lower hearths but not yet 
installed. 


Fig 4 shows, diagrammatically, the 
arrangements used in various positions. 


Operation 


Consistent roasting performance de- 
pends on regular feeding of an evenly 
graded concentrate, effective tempera- 
ture control, clean rabbling and a 
smoothly running furnace. 

Because of the characteristics of the 
feed components and the necessary 
arrangements for their delivery to 
the furnaces, the labor needed to 
obtain satisfactory feed control is 
much more than the average for other 
roasting plants. About half the feed 
consists of secondary concentrate de- 
livered direct from a continuous disc 
leaf filter liable to vary from hour to 
hour in amount and from day to day 
in grade. The remainder, known as the 
“high grade” feed, is a mixture of 
screened dross and flue dust from the 
zinc melting furnaces with high grade 
zinc concentrate derived from any of 
four sources and with distinctly differ- 
ing characteristics; this mixture carries 
from 26.5 to 28.5 pet sulphide sulphur 
whereas the secondary concentrate has 
from 21 to 24 pet. The general effects of 
this diversity of feed material are 
described in connection with furnace 
performance; as far as feed control is 
concerned it makes feeding at a con- 
stant tonnage rate entirely unsuitable. 
Effort must be directed at keeping the 
input of sulphide constant. 

Secondary concentrate is weighed on 
a belt conveyor as it leaves the filter 
and begins its half-hour journey to the 
furnaces. The rate of high grade feed 
is adjusted hourly in accordance with 
the delivery rate and current grade of 
secondary concentrate. It is a cum- 
bersome system needing conscientious 
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operators but the sulphide input is 
‘consistently within 2 pct of the set 
figure, and adjustments of other major 
controls because of changes in effective 
input are not frequent. 

Temperature control is maintained 
through the draughting and blast sys- 
tem. The following values are under 
regular observation and are logged 
hourly: 

1. Gas temperatures in hearths 2, 3, 
4, 5, 6, 8, 10, and column exit. 

2. Furnace load (ammeter reading 
also continuously recorded.) 

3. Blast pressure at column exit. 

4. Draught between main damper 
and first hearth. 

5. Sulphur dioxide in offtake gas 
(continuous recorder). 

Control is exercised through adjust- 
ments of one or more of the following: 

1. Furnace main damper: normal 
draught on the furnace side of the 
damper is 0.04 in., water gauge. 

2. Blast fan damper: requisite set- 
tings for any given sulphur input are 
known and any need for departure 
from normal, as indicated by marked 
rise or fall of blast pressure at the 
column exit from the normal 0.5 in. 
w.g., is an indication of irregularity in 
rate or grade of feed. 

3. Cold air by-pass damper: the 
fourth and fifth hearths are always fed 
with cold air in normal circumstances 
and hearths below the seventh with 
hot air; operation of the damper mainly 
determines the extent to which the 
sixth hearth receives cold air or hot. 
When regaining temperatures after a 
stoppage no cold air is fed to begin 
with but as temperatures rise an in- 
creasing amount is used. 

4. The disc valves on blast ports: 
the three ports on any hearth are all 
opened to the same extent, and the 
close regulation of the temperature of 
each hearth is effected by variation of 
these openings as deemed necessary. 

The current feed rate and the set- 
tings of all dampers and valves, as 
made, are recorded on blackboards 
mounted near the instrument panel. 

The temperature objectives in auto- 
genous and “‘higher sulphate”’* roast- 
ing are: 


Autogenous Sulpena” 
Hearths 3 to 6........ 820°C 820°C 


770-780°C | 800—820°C 
700-750°C | 680—700°C 


a ee LEEE 


The condition of hearths and teeth 


Hearth. 8s 2225-01 


* See later in this section. 
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FIG 4—Tooth dressing. 


is examined at the beginning and 
toward the end of each 8 hr shift; 
where necessary a rough cleaning is 
carried out. During the main part of 
the shift the furnacemen start at the 
top of the furnaces and work down, 
cleaning all teeth thoroughly and also 
cleaning such of the arms, shields and 
portions of the walls and hearths as 
are allocated to them. The teeth in the 
lower hearths are changed once in a 
few months for inspection and for re- 
moval of any hard crust, but on hearths 
3 to 6 they are changed every two 
weeks. This is made necessary by the 
presence of galena which has a signifi- 
cant vapor pressure at 850°C. Some 
volatilized lead sulphide comes in con- 
tact with the teeth, which are at a 
lower temperature because of the cool- 
ing of the arms, and condenses on them 
in a finely crystalline form, too adher- 
ent to be removed by the ordinary 
process of cleaning. The deposit occurs 
on the underside of the teeth as well 
as on the sides and soon causes a 
“drag’’ which raises the power input 
and will ultimately become sufficient 
to stop the furnace. 

It is characteristic of all zinc con- 
centrate roasting that the immobile 
bed cakes hard and if not broken up 
regularly begins to exert an excessive 
drag which will either break arms or 
stop the furnace. The treatment of 
these beds differs in practically all 
plants, and practice at Risdon has 


passed through several phases. Initially 
the hearths were barred or chiselled at 
intervals of several days. The work 
proved to be much less arduous, less 
material was removed and no more 
labor was required when the intervals 
were reduced, but it has been found 
preferable to fill the hearths to tooth 
level with coarse sand. 

It was found impossible to maintain 
these beds intact; owing to changes of 
temperature in hearths, column and 
tabbles, to the disturbance caused by 
tooth cleaning and to the growth of 
galena “shoes” on teeth, the upper 
part of the sand is displaced and a crust 
of calcine is formed which behaves to 
some extent like ordinary hearth cake. 
These developments take time, how- 
ever, and it has been found that a 
furnace can be maintained in free 
running condition provided the sand 
beds are renewed periodically. The 
fourth and fifth hearths are resanded 
every three months, and the other 
hearths every six months except the 
first which is done yearly when its 
teeth are inspected. 

During the week before two hearths 
are to be resanded, they are chiselled 
thoroughly, the work being in the 
opposite direction to the rotation of the 
arms. The hearths done together (except 
in the case of the first hearth) are always 
an inward rabbling hearth and the one 
below it. The feed is cut off for one 
and a half hours. When material has 
practically ceased coming into the first 
hearth to be sanded, a few teeth are 
removed from the hearth above it and 
the furnace is restarted. Furnacemen at 
each door push material off the inward 
rabbling hearth at a steady rate until 
the hearth is clean. They then start to 
pull off the hearth below while sand is 
shovelled into the clean hearth—suffi- 
cient to form the immobile bed of two 
hearths—about 7 cu yd. As soon as the 
surplus sand has worked in from the 
outer part of the hearth the tynes are 
replaced in the hearth above. The one 
and a half hours allowed is ample, and 
it should be noted that, in the case of 
lower hearths, the feed will be on again 
long before the hearth cleaning starts. 
Temperatures are regained very rapidly 
and the furnace is usually normal 
within four hours. 

After allowing for the cost of sand 
and of putting it in place, the wage 
saving resulting from the almost com- 
plete elimination of chiselling is not 
very great but the ultimate benefit 
from the reduction of wear and tear 
on the hearths and mechanism will: be 
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AN AVERAGE RUN 


Teeth 


reed 


Very clean furnace 
nearly pertect ru, 


Drag of teeth on hearth 
ed developing 


ROUTINE SHUT- DOWN 


FIG 5a—(Left) An average run. (Right) A very good run. 


1. Start clearing hearth 
2.Sand charged tog rapidly 


RE-SANDING OPERATION 


5b—Effect of growth of galena on bottom faces of teeth. 
5ce—(Left) Routine shut-down. (Right) Re-sanding operation. 


quite considerable. 

A recording ammeter gives invalu- 
able guidance as to the general con- 
dition of the furnace and reveals 
irregularities or neglect unfailingly. 
Typical records are shown in Fig 5a, 
5b, and 5c. 

The furnace section must be closed 
down for about five hours once a fort- 
night to permit cleaning of gas fans. 
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Auxiliary equipment is overhauled and 
every effort is made to have all mainte- 
nance work involving stoppage carried 
out at the same time; big jobs may 
extend the stoppage to eight hours, 
but these are infrequent now. Supple- 
mentary equipment is provided for dis- 
posing of the gas which is emitted at 
the feed-hole, and full feed is kept on 
the furnaces right up till shut-down 


time, but all blast valves are shut off 
earlier; column cooling air is reduced 
to a minimum and turned to atmos- 
phere. Some air leaks into the furnace 
through rabble sockets, and the chim- 
ney effect of the furnace causes ingress 
of air to the lower half of the furnace 
wherever doors are not air-tight. Un- 
less the column drive or bearing is being 
overhauled, the column is turned for 
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one minute every half hour. This pre- 
vents the crusting of beds and presents 
new surfaces to the air available; a fair 
amount of roasting goes on, so that for 
several hours temperatures do not fall 
much except in the lower hearths where 
there is little sulphide available. A typi- 
cal example of such temperatures is 
given in Table 1. 

If the roasting is strictly autoge- 
nous, the recovery of the lower hearth 
temperatures is rather slow, taking 
about four hours for each hour of shut 
down, unless calcine grade is sacrificed 
to a serious extent. If an oil burner is 
used at Hearth 9 to assist recovery, 
the time is reduced by half at an ex- 
penditure of about 6 gal of oil per 
furnace per hr, and calcine grade does 
not suffer appreciably. 

If a stoppage extends beyond eight 
hours for external reasons the furnaces 
are then run and fed for five minutes 
in every thirty or forty. This retards 
further temperature drop almost com- 
-pletely. If the bottom hearth becomes 
seriously overloaded, it may be relieved 
by discharging into the basement. 

The addition of the cyclone dust 
from both furnaces to the middle 
hearths of one furnace results in about 
100°C drop in bed temperature and 
necessarily affects roasting rate. The 
lowering of feed grade resulting from 
the addition of dross also causes a drop 
in roasting performance. It was decided 
to abandon strictly autogenous roast- 
ing, therefore, and use a small oil- 
burner on each furnace as required, 
to help restore temperatures after the 
furnace stoppages and to make good 
the effect of cyclone dust addition. 
Experience shows that the burners are 
used to best advantage in the ninth 
hearth, and consumption of fuel oil 
amounts to about 0.15 pct on the ma- 
terial roasted or about 0.7 pct on the 
sulphur oxidized. 

Additional fuel oil has been used 
during most of the last year in order 
to increase the formation of sulphate, 
which is done by reducing the sulphide 
much below the level attainable with 
autogenous roasting at high feed rates. 
The temperature objectives have been 
given earlier in this section, and the 
consumption of fuel oil is shown in 
Table 6. 

Equipment designed for the changing 
of rabble arms and teeth is very satis- 
factory and good team work has devel- 
oped in its use. Where changing is 
frequent the set of teeth on an arm is 
removed and replaced in 3-5 min. 

Lost time was very heavy initially. 
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Table 1. . . Gas Temperature °C during Stoppage 


Hearth 2 


Hearth 4 Hearth 6 Hearth 8 Hearth 10 
9am 780 830 810 760 650 
1l a.m 760 820 800 720 580 
1 p.m 740 810 760 640 510 
3 p.m 740 810 750 590 450 


a a 
Furnace stopped 8 a.m. 


Table 2... . Furnace Stoppage Analyses 


a 


Percentage Loss of Furnace Time 
Analysis Headings 
1943-4 | 1944-5 | 1945-6 | 1946-7 | 1947-8 | Objective 
Feed and calcine conveyors............. 1.06 0.60 Onc 0.48 Nil 
Gas disposal, power, etc................ 1.03 0.55 0.60 0.55 Nil 
Moutme shutdown... ss<cs.+- sco owen 4.87 3.83 2.80 1.92 15 
Furnace work including changing arms, 4 
shields, teeth and renewal of sand beds. 2012 1.29 1.19 1.04 0.75 
Renewal of column bearing............. 1.05 
Motalvlost time pct.../.2<).n eee oe 10.8 9.08 6.27 geal 5.04 225 
Table 3... . Assays of Concentrates 
Mixed B.H. Rosebery Risdon 
B.H.N.*| B.H.S.* | B.H.Z.* 
Assay Pct (a) (a) (a) 
(b) (ec) (a) (d) (e) (d) 
Zn 52).2 53.10 52.5 3 | 49.0 54.4 55.5 49.7 49.65 
Pb 3 ed! 1.6 eal 1.3 mae 2.0 1.6 0.9 
Mn 1.58 1.4 1.42 0.14 0! 
Cu 0.08 0.07 0.11 0.109 0.118 0.51 0.295 0.23 0.20 
Cd 0.22 0.168 0.189 0.201 0.196 0.137 0.139 0.69 0.64 
Fe 9.91 8.32 8.76 9.3 8.8 5.9 6.05 8.1 9.4 
T/S 31.83 32.00 31.74 30.97 29.34 32.7 32.50 Pe af 24.0 
$0,/S 0.43 1.06 0.16 0.23 Mae 1.47 
S/S 30.54 28.28 32.54 32:27 22.0 22)..53: 
H.0 8 8 8 8 8 8 8 14 14.5 
on Se SS Se ee ee ee |) ee A eee ee ee 
(a) Mill production, year ended June 1942. 
(b) Mainly current material delivered to furnaces, year ended June 1948. 
(c) Deliveries mainly from storage dumps, year ended June 1948. 
(d) Deliveries to furnaces, year ended June 1948. 
(e) Deliveries, 4 weeks ended 22nd Sept. 1943. i 
* Broken Hill North, Broken Hill South, and Zinc Corporation. 
Table 4. . . Laboratory Roasting Tests 
B.H.N.* | B.H.S.* | B.H.Z.* | Rosebery.| Risdon | Ros.-Ris. 
(a) (a) (a) (b) (b) (c) 
Assays pet 
otal Sulphurces oo hci aeks cho aoieses 31°35 31.27 31.46 32.55 24.9 28.7 
Sulphate Sulphur............... O12 0.15 0.16 0.25 1G 0.95 
Sulphide Sulphur................ 31.23 31.12 31.30 32.3 23.2 27.75 
TANETLS Ar, WS CUES ORIEN OIE ee eR ICN 5057 52.5 52.0 54.5 48.5 51.5 
Sizings pct (Tyler) 
HO Oiarete-cestbeaptele ssistele io -res, «cedar 4.55 20.1 24.75 2.6 0.2 
SHLD Sete Raye prac tel eae seats, ohidiel’e’ oiled! are 16.3 20.6 18.4 3.4 r.5 
ey Ouray ive diuie che strep abe oe ecsieiele 16.2 ie 9.9 8.9 61%) 
Te Raranlerertal a/ePereteic wiatitae an alae aie 9.0 5.9 4.2 ee 7.0 
ya) ity Mat ys Wc ohialos 6 Sos otacehs tenet rar 53.95 40.7 42.75 HUES 84.6 
Sulphur oxidation rate, lb per sq ft 
per day (to 4 pct S/S)........... 9+ 14.8 13.4 16.9 12.65 Seo 
17.4 a Wy 16.5 18.2 15.8 a 
Sulphation Levels 
Pct SO4/S with S/S at 8 pet...... 0.37 0.48 0.46 0.62 Waa 1.11 
Pct S04/S with S/S at 6 pet...... 0.48 0.63 0.56 0.74 1.80 1.28 
Pct SO.4/S with S/S at 4 pet...... 0.66 0.90 0.73 0.96 One 1.54 
Pct SO.4/S with S/S at 2 pet...... 1.08 PR35 1.04 1.65 2.60 2) 


(a) Mill production samples, early 1943. 

(b) Deliveries to furnaces, week ended 16th June 1943. 
(c) Mixture in equal parts of concentrates marked (b). 
* See footnote, Table 3. ‘ 

+ Roasting in muffle without chimney. 

t Roasting in muffle with chimney. 


Table 5... Percentage of +250 Mesh (Tyler) Material in Feed 


Components 
Broken Hill Mixture Rosebery Risdon 
Hous seeks 

omen Av. | Max. | Min. Av Max. | Min Ay Max. | Min 
2/4/47 42.9 53.6 28.2 1559 25.2: 1 OU) 37.6 46.5 24.9 
ane 44.4 DEO 36.6 18.5 38.2 10.8 3033 41.2 18.3 
28/5/47 48.3 56.2 40.8 tlh erg PAG | 15.8 32.4 46.6 19.3 
25/6/47 52.4 58.3 48.5 18.8 31.8 16.2 27.6 36.9 20.0 
23/7/47 50.3 59.4 44,4 19.1 21.0 15.8 Lined 32.8 16.4 
20/8/47 43.3 49.3 ae 17.9 25.2 14.3 31.6 45.8 19.8 
17/9/47 42.3 47.7 38.0 17.9 26.7 14.0 31.0 54.6 Tie 

Av. 46.3 18.1 31.1 


eS ee eee ee eS ee 
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To a large extent this was caused by 
blockage or breakdown of auxiliary 
equipment much of which was 20 yr 
old, but there were inany short stop- 
pages in connection with furnace work. 
Much effort was concentrated on elimi- 
nating causes of trouble and the prog- 
ress made is shown in Table 2. 

The final column gives the minimum 
times in which it is considered possible 
to carry out essential operations such 
as fan cleaning, teeth changing and re- 
newal of sand beds. 


Roasting Characteristics 
of Feed Components 


The feed to the furnaces is always a 
mixture of concentrates from any or 
all of four sources, three Broken ‘Hill 
mills and the Company’s own mill at 
Rosebery, together with secondary con- 
centrate (called Risdon) recovered from 
leached calcine residues, and latterly 
about 5 pct of dross and flue dust from 
zinc melting furnaces. (See Table 6.) 
Since feed composition inevitably var- 
ies, a knowledge of the roasting char- 
acteristics of the different components 
and mixtures is essential. 

The objectives are not constant. The 
requirements of the zinc plant as a 
whole, the position in regard to stocks 
and certain subsidiary operations lead 
to variations in the stress laid on 
obtaining maximum oxidation of sul- 
phides which is incompatible with 
relative completeness of oxidation and 
production of sulphate. 

Table 3 gives analyses of typical 
samples of the five concentrates. In 
the Broken Hill concentrates the iron 
is largely present as the zinc-iron sul- 
phide, marmatite, whereas in Rosebery 
concentrate there is both zinc-iron sul- 
phide and pyrite; and in Risdon con- 
centrate the iron is present partly as 
oxide but principally as zinc ferrite. 
Lead is present as galena in the pri- 
mary concentrates but as sulphate in 
Risdon concentrate while the latter also 
contains a little elemental sulphur. 

The gross thermal values of the con- 
centrates on complete oxidation, as 
calculated from analyses (a), (d) and 
(e), Table 3, range from 1180 to 1150 
C.H.U. per lb for the Broken Hill con- 
centrates and are 1125 and 720 C.H.U. 
per lb for Rosebery and Risdon con- 
centrate respectively. Particle sizes are 
more important than minor differ- 
ences in gross thermal value in influ- 
encing roasting rate, and relative 
roasting rates for the various dried 
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concentrates have been studied under 
controlled conditions in the laboratory 
(by E. Z. Research Department). 

An iron roasting dish with a false 
bottom was used in an electrically 
heated muffle with and without a small 
exhaust chimney, and temperature was 
closely controlled throughout. A half 
inch bed of material was well rabbled 
every five minutes and the most diffi- 
cult concentrate was dead-roasted in 
2 hr at 800°C under these conditions. 
In all cases roasting was faster at a 
bed temperature of 800°C than at 750 
or 850°C, and the rates for the various 
concentrates always fell in the same 
order. Sulphate is formed to any ex- 
tent only when sulphide content is rela- 
tively low, and under these conditions 
is more prevalent in the coarse frac- 
tion containing aggregates than in 
—10 mesh material. Rosebery and 
Risdon concentrates sulphate much 
more readily in both coarse and fine 
fractions than the Broken Hill mate- 
rials. Table 4 gives assays, sizings, 
roasting rates and sulphate formation 
in the tests described and it should be 
noted that, in general, the progressive 
or instantaneous isothermal roasting 
rate for any concentrate is directly 
proportional to the progressive sulphide 
concentration and to a proportionality 
factor which is characteristic of the 
material and of the conditions of the 
roast. 

The sizing relationships are perhaps 
more clearly expressed through the 
specific surfaces as determined by the 
Fisher sub-sieve sizer; typical concen- 
trate samples gave the following results: 

Specific surface 


B. H. North 740— 810 sq cm per g 
B. H. South 680— 710 sq cm per g 
B.H. Zine 

Corporation 545— 600 sq cm per g 
Rosebery 1310-1520 sq cm per g 
Risdon 1940 sq cm per g 


For the several Broken Hill concen- 
trates, the ratios of specific surface and 
roasting rates are close enough to indi- 
cate some connection, and it can be 
assumed that the low grade of the 
Risdon concentrate tends to offset the 
advantage of its fineness. The rates for 
Rosebery concentrate are not nearly 
as high as its fineness would lead one 
to expect. The explanation is to be 
found in its high galena content. It 
ignites much more rapidly than the 
others and roasts so actively that it is 
almost impossible to prevent fusion of 
galena which makes the roast become 
“sticky” and “ball-up.”’ 

The same facts explain why the 


Rosebery-Risdon mixture has better 
rates than the averages of the rates of 
the components. The ready ignition of 
the Rosebery concentrate gives . the 
roast a good start, while its high ac- 
tivity which tends to run temperature 
out of control is moderated by the iow 
grade material. 

Experimental roasting times are well 
borne out in practice. It is impossible 
to get satisfactory results with mix- 
tures containing much Broken Hill con- 
centrate at above the normal speed of 
furnace column. With Rosebery-Risdon 
mixture the speed may be raised from 
0.52 rpm to 0.615 rpm, an increase of 
18 pet. 

While the sizings of the various con- 
centrates are fairly consistent when 
long term samples are examined, there 
is a by no means insignificant day to 
day variation. Table 5 gives a clear 
indication of the extent to which these 
variations are experienced. 


Performance 


The complete performance record of 
the furnaces has been summarized in 
Table 6 and shown graphically in Fig 6. 
In this summary, the results have been 
arranged for periods of varying length, 
each period having some common fea- 
ture which more or less determined or 
characterized the performance. The ref- 
erence letters in the table and graph 
refer to the following explanations of 
the grouping: 

A. The first four-weekly period dur- 
ing which furnace crews were becoming 
accustomed to the equipment, and 
initial difficulties were being overcome. 

B. A period during which it was 
apparent that roasting capacity ex- 
ceeded hearth transport capacity, and 
the lower hearths were doing very little 
roasting. Efforts were made to raise the 
temperatures of the hearths by ‘‘split 
drafting.” Gas offtakes were con- 
nected to the bottom hearth, and from 
Hearth 7 the furnace was drafted 
downward. The temperatures of the 
lower hearths improved, but drying 
was slower and the activity of the 
upper hearths decreased. With a drier 
and higher grade feed, very active on 
the upper hearths, the method has 
definite advantages, but feed grade was 
tending to fall. 

C. The effect of hearth camber was 
reduced by deepening the inner teeth 
of inward rabbling hearths, and column 
speed was increased from 0.52 to 
0.61 rpm. More feed was handled and 
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Table6.. 


. Performance 


Reference A B Cc D E F G H J K I M 
Number of weeks ended. 4 20 20 8 44 24 40 4 AA 20 24 
7.4.43 |25.8. Le 1946|23.7.1 * 
Furnaces operated ae 7 : se > es pan ioae 10. 1.146 30. 5.1945 14.11.1945 21.3; 1940 18.9.1946 23.7,1947 10. ae 1947 snes eat 
yclone dust returned. N } v 5 re i 
Feed Composition 2 o No No No No No No No Yes Yes Yes Yes 
osebery Conc....... 49.7 51.5 38.5 PASE 29.6 TQ Zaied 9.9 22.4 
29. “'§ 22..¢ i 25 12.0 me 
Broken Hill Ce Cone. . 5.1 Taal 19.3 9.0 30.4 32.8 38.5 31 3 
Bos cont : ays ye ake Pe rate 0.8 2 9.8 1.0 7.4 5e0) 4.9 5.4 
op es é 4 Toe 64.5 65.0 57.4 Ox 39.8 50.2 43.2 51.1 
hone Ene furnace per 
ae 61.3 64.7 75.0 92.7 72.8 80.0 80.3 93.8 7 g 
s/$" Penis ne 27.2 | 27.8 26 25. 25. ; aS 8 25 4 36.2 347 
Tears eee 7 .0 25.25 5.8 25.8 26.2 26.4 25.8 25.4 2652 24.7 
LO US Si Sto g oo ceo 11.6 12.44 S25 16.2 3.0 14.6 14.6 M2 UES 16.3 
Opdined Boy 34 1.1 11.9 13.2 L132 11.25 12.6 14.4 11.4 13.2 140 146 
Caleine Assays. Be shate : ae eS 86.7 78.6 86.4 83.6 83.3 80.8 88.0 90.8 
es abe 2.09 3.38 3.08 2.36 2.48 1.36 ae Tess 5 : 
= Clg eae ae eee ae a8 a 2.4 & ae 535 1.63 IPP} 52 1.68 
sous ean 7 6 5. 5 3.74 6.11 3.92 4.80 4.71 5.38 Sod 2.50 
igus snes furnace per 
ae : 116 1.98 2,11 : é Z 
Fuel Oil used 1.98 1.64 0.98 1.28 £12 SES 1.02 1.22 1.44 
ct of S oxidized..... 
sue 1.54 2.19 
Lost time Pct........ 10.4 9.7 ns Bre 10.4 10.2 8.15 5.95 5.7 6.3 Shel! 4.6 Saye 
a ee eee ee eS ee ke eC eee | pe le ee 


temperatures in the lower hearths 
improved. 

D. Teeth with longer throw, giving 
overlap, were introduced on the inner 

-half of inward rabbling arms. Higher 
feed rate resulted and the greater 
roasting capacity of the furnaces, even 
with a very low grade feed, was clearly 
demonstrated. 

E. The second furnace came into 
operation, and the gas disposal system 
which was shared with two other fur- 
naces proved inadequate for the oper- 
ation of both the new furnaces at the 
higher roasting rate achieved in the 
previous period. 

F. One of the other furnaces was 
shut down, and draught improved but 
appreciable quantities of B.H.S. and 
B.H.Z. concentrate were introduced for 
the first time, and considerable diffi- 
culty was experienced in producing an 
acceptable grade of calcine. Column 
speeds were restored to 0.52 rpm and 
were even reduced to 0.46 rpm for part 
of the period, but for no month did 
calcine average below 5.5 pet S/S. 

G. During this period the feed mix- 
ture varied several times, the high 
grade portion being alternately all 
Rosebery and all Broken Hill concen- 
trate, but the several changes afforded 

_opportunities for close comparison of 
techniques. Traverse rates were re- 
duced in Hearths 8 and 10, and calcine 
of under 5 pct S/S was eventually pro- 
duced from Broken Hill-Risdon mix- 
ture, with a roasting rate of 12.5 lb S 
per sq ft per day which was then re- 
garded as the acceptable minimum. 

H. New supplies of Broken Hill con- 
centrate contained no B.H.Z. and were 
mainly B.H.N. No difficulty was ex- 
perienced in increasing roasting rates 
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to 14.5 lb S per sq ft per day, even 
when there was no Rosebery concen- 
trate present and while maintaining 
calcine at less than 5 pct S/S. 

J. A four-week period during which 
shortage of concentrate occurred and 
the furnaces were run, for a time, on 
the minimum load at which tempera- 
tures could be maintained. During this 
feed shortage the last of the old fur- 
naces was shut down, and it became 
necessary to include zinc melting fur- 
nace dross and flue dust in the roaster 
feed to the extent of about 5 pct. Dust 
from the cyclones, formerly roasted in 
the old furnace, now had to be re- 
turned, at first to the feed though soon 
afterwards provision was made for de- 
livering it to the middle hearths of 
No. 2 furnace. 

K. This: period was, in most re- 
spects, a continuation of period H, 
but marked by the dilution of the 
feed with dross and the effect of re- 
turning cyclone dust, which combined 
to reduce roasting rate from 14.4 to 
13.4 lb S per sq ft per day. The admix- 
ture of dross with concentrates results 
in more rapid hardening of hearth beds 
and quicker fouling of teeth. Fortu- 
nately the developmental work on 
sand beds had been completed and both 
furnaces were soon bedded throughout. 
The labor saved from hearth cleaning 
was more than enough to enable better 
attention to be given to tooth cleaning. 

The dust addition reduced the mid- 
dle hearth temperatures of No. 2 fur- 
nace and therewith the roasting rate. 
Continuous addition at one point 
causes a drop of 100°C in bed tem- 
perature, but as the addition was 
spread over two hearths, the effect of 
the dust was not so sharply evident in 


temperatures. The most noticeable 
effect was in calcine assays, those of 
No. 2 furnace being consistently about 
1 pet S/S higher than those of No. 1 
in spite of adjustment of feed distribu- 
tion to insure equal overall sulphur in- 


—puts to the two furnaces. 


The higher calcine assays, now tend- 
ing to be just over the acceptable 
5 pet S/S, prevented any attempt to 
restore sulphide input by increasing 
feed rate to make up for the dilution. 
Excluding from period K four weeks 
during which 40 pct of the feed was 
B.H.Z. concentrate, and calcine went 
to 8 pct S/S, the effects of dross and 
cyclone dust can be fairly assessed over 
two comparable 40 week periods. The 
feed rates were nearly equal, 93.8 and 
92.6 tons per furnace-day respectively. 

Dilution caused sulphur input to fall 
from 17.2 to 16.4 lb per sq ft per day. 
Temperature reduction by dust caused 
oxidation efficiency to fall from 83.6 pet 
to 81.6 pct so that sulphur oxidized fell 
from 14.4 to 13.4 lb per sq ft per day. 
The chief effect is caused by dilution, 
though it may not be immediately 
clear why, with a lower sulphide input, 
the oxidation efficiency should not be 
expected to increase. 

The reason is that, in autogenous 
roasting, maintenance of temperature 
and of the limited roasting rate in the 
lower hearths is dependent on the car- 
riage of sufficient amounts and con- 
centrations of heat and sulphide in the 
calcine from the middle hearths, and 
on close control of air input. The addi- 
tion of cyclone dust to the middle 
hearths affects the balance; calcine 
temperature is reduced while more sul- 
phide is carried down. The latter can 
be corrected, as was done, by feed ad- 
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FIG 6—Performance data. 


justment, but the temperature effect 
cannot be remedied without use of ex- 
traneous fuel. 

On the upper middle hearths, where 
the roast is most active, it is usually 
necessary to depress that activity by 
use of cold air in order to avoid over- 
heating. Even low grade concentrates 
are more than sufficiently active and 
by increasing input it is possible, up to 
a point, to maintain oxidation rate on 
these hearths. The limit is reached 
when the amount and concentration 
of sulphide passing to the lower hearths 
tend to get out of balance. 

By comparing the work of different 
months in periods H and K, in which 
feed grade and sulphide input are 
nearly the same, it is found that the 
effect due to cyclone dust addition is 
only one-third of that due to dilution 
by dross, that is, about 25 pct of the 
total decrease of 1 Ib per sq ft per day. 

It appears, then, that the dust :addi- 
tion is being made too low in the fur- 
nace, and that it should be made in 
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the zone in which depression of activity 
is required. Gas velocity through the 
dropholes is so high in this zone how- 
ever that return of dust to it would 
cause a large circulating load to build 
up. The dust is added to the moder- 
ately active sixth and seventh hearths. 

L. It was decided to make use of 
small oil-burners to overcome the tem- 
perature drop due to cyclone dust in 
No. 2 furnace and to hasten recovery 
of both furnaces after long stoppages. 
At the time the burners became avail- 
able there was a demand for an in- 
crease of sulphate formation and as 
this increases with decrease of sulphide, 
it was decided to operate the burners 
more or less continuously to stimu- 
late roasting in the lower part of the 
furnace. 

A short test was made to determine 
the consumption of oil for the original 
purposes; it was 0.17 pct of the ton- 
nage roasted or 0.75 pct of the sulphur 
oxidized. To stimulate sulphate pro- 
duction, about three times as much is 
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Table7 . Autogenous vs. Moder- 
ately Assisted Roasting 


Period K, vores M, 
. Best 24 onsecu- 
Duration Weeks of | tive 24 
44 Weeks 
Feed rate, tons per furnace 
Per days. cae Meee 93.2 93.8 
Feed grade, DCts/ Se eee Zon 24.7 
Sulphide input, lb per sq ft 
per day. .c once 16.6 16.1 
Sipkide oxidized, lb per 
Batt peniday.... 5. oe LS 14.6 
Sulphur oxidation pct..... 82.6 90.8 
Calcine assay, pct SO:/S.. 1.30 1.68 
Calcine assay, pct S/S.... 4.94 2.50 
Fuel oil used pct of S oxi- 
ized. 2. cee ee eee 2.19 


used. The most effective position for an 
oil burner was found to be the ninth 
hearth. 

M. The experimental work on the 
application of fuel oil being completed 
and good supplies of high grade con- 
centrates being available to give a 
regular feed mixture, the furnaces 
settled down to a long run of extra- 
ordinarily consistent performance. Both 
the quick recovery from the fortnightly 
stoppages due to the use of fuel oil and 
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a greater stability of furnace crews 
than existed in wartime and immedi- 
ately afterwards, contributed to these 
results. By way of making allowance 
for the latter factor in comparing 
periods K and M, the best 24 weeks’ 
work in the former period has been 
selected to compare with the 24 con- 
secutive weeks’ work of the latter; the 
results are given in Table 7. 

The benefits derived have been cal- 
culated on the basis of 90 pct of un- 
roasted sulphide being recovered as 
secondary concentrate from calcine 
leach residue and are found to be, for 
each ton of fuel oil used: 

2.69 tons sulphur oxidized, 

2.24 tons sulphuric acid, equivalent 

of extra sulphate formed, 

1.34 tons of high grade concentrate 

(32 pet S/S) saved, 

18.5 tons of low grade concentrate 
(22.5 pet S/S) which does 
not have to be returned for 
roasting. 

The last item in this saving is more 
important than it may seem at first 
sight; it means not merely a decrease 
by one-sixth in the secondary concen- 
trate to be treated by the furnaces, but 
it effects an increase of 0.6 pct in a 
feed grade already uncomfortably low 
for the maintenance of high roasting 
activity. That this increase was not 
actually obtained was due to a greater 
intake by the zinc plant of less well 
roasted calcine from other sources. 


Heat Balances and 
Gas Tenors 


Some heat balances were made in 
1944 and showed radiation losses 
slightly in excess of 20 pct of the heat 
input. The work was done under great 
practical difficulties, including irregu- 
lar operation, and there is some reason 
to believe that the loss is scarcely so 
high; but whether the actual loss is 

10 pct or 20 pct is immaterial to the 
discussion of gas tenor in relation to 
heat balance which follows. 

In Table 8 there are shown three 
balances calculated from recent per- 
formance figures, and average gas 
tenors, and an assumed radiation loss 
which is proportional to average fur- 
nace temperature, using the observed 
figure of the 1944 balances as basis. To 
simplify presentation, heat contents 
have been referred to atmospheric tem- 
perature instead of the more usual 0°C. 


AUGUST 1949 


Table 8 . . . Heat Balances 
a ee 
Per Hour for Two Furnaces 
Condition (see below) (A) (B) (C) 
| 
C.H.U C.H.U. (Oi) SLU 
S103 Pet Sx 103 Reg Sx 103 Pct 
tape 
xidation of concentrate.................. 13,371 | 100.0 | 14,449 94.1 5,008 
Combustion of Fuel Oil................... 900 gone 300. | 1:9 
PLOTS RTS oices oi Oss a 13,371 100.0 | 15,349 | 100.0 | 15,653 | 100.0 
Outgo 
1B GAG VADR:. 5.0, 5 EOE ee en one 1,403 10.5 1,205 7.8 1,580 10.1 
In water vapor, ex UN NUicecamseesaces sauan 1,700 IPA ee 1,559 10.2 1,759 isp 
Eniwatervapor,ex air... -. soe. anusssuee 99 GET 130 0.8 124 0.8 
tdinyscasedten ee, osfsca Soke tpcsten os UE ee 7,181 dont 9,474 61.7 9,167 58.5 
Loss from dust returned................... AT 0.4 56 0.4 56 0.4 
Radda tOnsLOSSc.; scaled 2 on eae 2,941 22.0 2,925 19-] 2,967 19.0 
Totals VOR EO REC Uy RO REE ES ob Cha CG 13,371 100.0 | 15,349 | 100.0 | 15,653 | 100.0 
Conditions 
Fuel oil used, tons per day................ 0.92 0.31 
Feed rate, tons per day 186 176 203 
Feed, pct moisture.................. 10.9 10.5 10.5 
Feed assay, pct S/S................. Dae 26.3 26.0 
Caleie‘assay; pct./S/S..- 2)... oes e -s 5.0 2.54 4.32 
Calcine assay, pet SO4/S.................. 1.3 1.78 1.4 
Caleme/discharge:, °C ase eneeeee eae. Gigs 617° 697° 
GassvolumecNG Ds acheter 13,200 16,500 16,500 
Gas offtake temperature °C............... 450° 470° 450° 
Offtake gas;.SO2 petinc- ce eee seas ss 5.0 4.2 4.5 
Sulphur oxidized, lb per sq ft per day....... 13.7 14.6 15.6 
Sulphur eliminated, lb per sq ft per day... .. 13.5 14.2 15233 


The conditions chosen for these bal- 
ances are: 

A. The best 24 weeks performance 
for autogenous roasting of mixtures in- 
cluding dross, as shown in Table 7. 

B. The comparable performance 
when using some fuel oil continuously 
to improve sulphate formation, also as 
shown in Table 7, except that feed 
grade is raised to that’ which would 
have resulted had other calcine re- 
ceived by the zinc plant remained of 
the same grade as in the first period. 

C. Performance when using fuel oil 
only intermittently to make good losses 
of temperature due to stoppages and 
the introduction of cyclone dust. The 
furnaces have been operated under this 
condition for a short time only but 
actual performance has been slightly 
better than that assumed for Table 8. 

The amount of heat radiated does 
not vary much and so a larger fraction 
of the heat must be carried away by 
the gases when the space rate of roast- 
ing is increased. The upper temperature 
of the gases is limited to that which 
gives the fastest roasting and conse- 
quently an increase in the space rate 
must be accompanied by a fall in gas 
strength. It is nevertheless true that 
the whole of the heat input to the fur- 
nace could be carried by better grade 
gas than is actually being made, and 
without exceeding the maximum de- 
sirable temperature of 820°C. As low 
gas tenor is the chief disadvantage of 
hearth roasters in comparison with 


flash roasters it is worth examining 
why the gas from these furnaces is so 
low. 

In the first place an open feed-hole 
and main damper slot together account 
for a dilution of at least 10 pct. Sec- 
ondly, activity is so great on the fourth 
hearth that 20-25 pct of the roasting is 
done there and an excess of air must 
be used to prevent the desired tem- 
perature being exceeded. Finally, in 
the lower hearths hot air is used as 
blast and this air can never attain the 
same percentage of sulphur dioxide as 
the cold air input because of the im- 
posed maximum temperature. 

Apart from the sealing of the feed- 
hole, the grade of gas produced could 
be increased by moving the material 
much more quickly over the most ac- 
tive hearths and much more slowly 
over the lower hearths. Differential 
rabbling rates are already being used 
in these furnaces almost to the limit of 
practical convenience but with furnaces 
having three or four arms per hearth 
greater differentiation is possible and 
it is by no means certain that the 
hearth roaster will be finally outmoded 
by the flash roaster. 
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Prior to 1927 the lead blast furnace 
charge at E] Paso consisted principally 
of direct-smelting carbonate ores, very 
low in zinc, and the resulting slag sel- 
dom carried more than 4.0 pet. With 
the exhaustion of the mines in Northern 
Mexico which supplied these ores, they 
were supplanted with a much smaller 
tonnage of sulphide concentrates con- 
taining appreciable amounts of zinc, 
and the zinc content of the slag rose to 
10.0 pet. 

The Anaconda Company’s slag fum- 
ing plant at East Helena, Montana, 
had then been in successful operation 
for several years, and it was imme- 
diately recognized that, while at that 
time the production of high zinc slag 
was small, if the grade held, a plant 
for the recovery of zinc from the 
accumulated slag might some day be 
practical. The grade not only held but 
became increasingly higher so that by 
1946 sufficient slag had been accumu- 
lated to ‘warrant the construction of a 
fuming plant regardless of future slag 
production from the blast furnaces. 
and with the removal of Government 
restrictions on construction at the end 
of the war the project was undertaken. 

The general design of the plant fol- 
lows that at Bunker Hill, with waste 
heat boiler, unit coal pulverizers and 
even more extensive instrumentation 
and automatic control. 

The area around the lead blast fur- 
naces is rather congested, being cut off 
from the nearest feasible site for the 
fuming plant by the copper plant, so 
that the most practical route for hot 
slag transfer is through the converter 
aisle. For this reason and also to 
make use of the existing converter 
cranes to serve the fuming furnace, an 


unused reverberatory at the north end 


of the converter building was dis- 
mantled and the fuming furnace and 
boiler located in its place. A flue at 
right angles to the furnace and boiler 
runs northward to the U-tube coolers 
and baghouse (Fig 1). From the bag- 
house a steel flue runs eastward to an 
existing and long unused 300 ft con- 
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FIG 1—U-tube coolers, baghouse, and de-leading kilns. 


FIG 2—Fuming furnace. 
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crete stack. The coal handling system 
and de-leading plant lie north of the 
furnace and east of the cooling tubes 
and baghouse. 

The furnace is conventional, 8 X 21 
x 33 ft high inside and completely 
water jacketed (Fig 2). There are 21 


‘ 


AUGUST 1949 


FIG 3—Soot blowers. 


double-inlet tuyeres on each side of the 
furnace, with center line of tuyeres 
514 in. above the furnace bottom, and 
tuyere pipes extending 7 in. inside the 
furnace. Tuyere pipes were originally 
water jacketed, but since these proved 
to have very short life they have been 
replaced with 314 in. od X 114 in. id 
hydraulic tubing. Slag is tapped 
through two 5 in. water jacketed tap 
holes simultaneously into two 300 cf 
air dumped slag pots. 

A water jacketed flue connects the 
furnace to the water-wall combustion 
chamber of the B. & W. two drum 
sterling type boiler which is rated at 
72,000 lb of steam per hr at 400 lb 
pressure and 700° total temperature. 
Combustion chamber, boiler and econ- 
omizer are equipped with a total of 35 
fully automatic Diamond soot-blowers, 
Fig 3, operating on compressed air. 
The soot-blower installation has been 
yery satisfactory, no hand lancing 
being required to keep tubes free of 
fume. Two motor driven A B C fans, 
each rated at 51,000 cfm, and con- 
nected in parallel, deliver gases from 
the economizer outlet to a 7 ft diam 
balloon flue leading to the U-tube 
coolers. Furnace draft is automatically 
controlled by louvre dampers in the 
fan inlets. The U-tube coolers are in 
two banks, each bank consisting of 
forty 30 in. X 58 ft tubes. Additional 
cooling is supplied when required by 
an automatically operated damper 
which admits air into the gases as they 
leave the U-tubes. A second pair of fans 
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with capacity of 75,000 cfm each and 
automatically dampered like the boiler 
fans deliver gases to the baghouse. 
The baghouse is constructed entirely 
of concrete, including roof and thimble 
floor, and is divided into seven cham- 
bers each containing 160 18 in. x 30 ft 
woolen fume bags. Six chambers are 
used to collect zinc fume from the fur- 
nace gases and the other collects lead 
oxide fume from the deleading kilns. 


The bags are shaken automatically 
when the pressure differential across 
the bags reaches a predetermined 
maximum, the chambers being shaken 
consecutively until the pressure drops 
to the desired minimum. In order to 
keep a slight draft on the inlet side of 
the baghouse, and thus prevent leak- 
age of fume through screw conveyors, 
the outlet flue is evacuated by a Sirroco 
type induced draft fan with a capacity 
of 180,000 cfm, delivering gas to the 
stack. 

Combustion chamber, boiler, econ- 
omizer, balloon flue, U-tubes and bag- 
house chambers are equipped through- 
out their length with screw conveyors 
which operate continuously and dis- 
charge fume into a system of drag and 
belt conveyors which carry it to the 
de-leading plant. 

Washed 1 X 0 in. slack coal from 
Dawson, New Mexico, is dumped into 
a track hopper. Coal analysis is ap- 
proximately as follows: 


Ash Volatile Fixed Carbon Btu 
12.0 38.0 49.00 | 13,000 

| 
From the track hopper, coal. is 


passed through a hammer mill and is 
pneumatically conveyed to a 300 ton 
storage tank. A Merrick Feedoweight 
delivers coal from the tank to a Redler 
elevator and rotary conveyor which 
distribute it to the three 30 ton pul- 
verizer bins. The pulverizers are B. & 


FIG 4—Coal pulverizers. 
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W. type E, size 47, two being operated 
with the third in reserve (Fig 4). 
Furnace blast is supplied by an Elliott 
turbine driven blower with a capacity 
of 18,000 cfm at 10 lb. The blast is 
divided by automatically operated 
butterfly dampers into primary and 
secondary air. The primary air passes 
through the pulverizers, picking up the 
coal and carrying it to the primary 
inlets of the tuyeres. The secondary air 
goes directly to the tuyeres. A 15,000 
cfm motor driven blower was installed 
to inject low pressure air through a 
number of 214 in. pipes into the upper 
part of the furnace and the crossover 
flue to oxidize completely all coal and 
metallic zinc. This was found to be 
unnecessary, however, as furnace draft 
pulls in enough air through the charg- 
ing hole, and the blower is no longer in 
use. 

A central control room located at the 
furnace contains a very complete set 
of Bailey indicating and recording in- 
struments and control devices, with 
turbo-blower, pulverizers and _ flue 
system drafts all being controlled auto- 
matically from that point (Fig 5). 

The furnace is now treating 20,000 
tons of slag per month. Dump slag is 
mined by a bulldozer and ripper and 
remelted in the blast furnaces, no cold 
dump slag being charged direct to the 
fuming furnace. Molten slag is brought 
to the converter aisle in 12.5 ton ladles 
carried on transfer cars. Four ladles, 
including the shells, constitute a 
charge. Blowing time varies from 90 
to 110 min., depending on rate of slag 
production at the blast furnaces. 
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FIG 5—Control panel. 


Coal flow to the furnace is controlled 
by the velocity of primary air passing 
through the pulverizers. Since back 
pressure at the tuyeres is 6 lb when 
the furnace is empty and increases to 
11 or 12 lb when it is fully charged, the 
volume of primary air, measured in 
terms of free air at sea level, must be 
constantly increased to maintain the 
same velocity. When charging starts, 
coal flow is reduced in order more 
nearly to complete combustion, the 
resulting high temperature serving to 
heat up the slag and smelt the shells. 
During this period, total air is held at 
14,000 cfm and primary air ranges 
between 5,000 and 6,000 cfm, main- 
taining a coal flow of 140 lb per min. 
After the last shell is charged, usually 
in about 20 min., total air is reduced 
to 13,000 cfm and primary air in- 
creased to 6,500 cfm, raising coal flow 
to 190 Ib per min. Volume of primary 
air is never allowed to exceed that of 
the secondary to prevent blow-back of 
coal into the secondary lines. The best 
indicator of rate of fuel consumption 
is the steam flow from the boiler and 
under charging conditions this is held 
at 40,000 lb per hr. During the reducing 
blow it is maintained at 58,000 lb per 
hr. Gases enter the boiler at a tem- 
perature of 2300° and leave the econ- 
omizer at 590°. Temperature at inlet 
to U-tubes is 540 and 225° entering the 
baghouse. Jacket cooling water amounts 
to 3,700 gpm and absorbs 2 million 
Btu’s per min. or 44 pct of total heat 
input. 

The blast furnace slag now averages 
13 pet zine and de-zinced slag 1.8 pct 


zinc, which indicates a recovery of 
89.2 pct after allowance for shrinkage. 
Lead is reduced from 0.80 pct in the 
heads to 0.03 in the tails. Combined 
fume from the boiler flues, coolers and 
baghouse weighs 50 lb per cf and has 
the following analysis: 


This fume is deleaded by the process 
developed at Tooele, which consists of 
roasting in rotary kilns with a small 
amount of coke breeze to volatilize 
lead oxide. From a 300 ton surge bin, 
the fume is carried by screw conveyor 
and bucket elevator to a hopper which 
feeds either or both kilns. 1.0 pct coke 
breeze is added by screw feeder. The 
two kilns are 5 ft 6 in. id by 75 in. long, 
and are fired with natural gas. Tem- 
perature is automatically maintained 
at 2300°F by radiation pyrometers 
focused on the clinker at the point of 
discharge. Lead oxide fume is drawn 
from the kilns through twenty-four 
U-tubes, by a 20,000 cfm fan and dis- 
charged into the lead section of the 
baghouse. The collected fume, carrying 
38 pct Pb and 30 pct Zn is returned 
to the lead plant. The de-leaded 
clinker, weighing 150 Ib per cf. and 
carrying 76.0 pet Zn and 2.0 pct Pb 
drops into a. Traylor tube cooler, one 
of which is provided for each kiln, is 
crushed to pass a 3¢ in. screen, and is 
loaded into cars for shipment to a re- 
tort smelter. 
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Electrical Resistivity Measure- 
ments on lron-silicon Compacts 
Prepared by the Powder 
Metallurgy Procedure 
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FRANK W. GLASER* 


Introduction 


Iron-silicon alloys have had a great 
influence, in many ways, in modern 
industry. Silicon steels have been used 
almost exclusively for the construction 
of electrical machinery, but have also 
become an important material for 
structures which benefit by the high 
tensile and yield strengths of this 
material. In elaborating on the early 
history of work done on iron-silicon 
alloys, Greiner, Marsh and Stoughton! 
went back as far as 1808, and pointed 
to Berzelius as the first producer of 
ferrosilicon. During the last twenty 
years some very important contribu- 
tions in the form of studies of the iron- 
silicon system, as well as of the physical 
properties of these alloys, have been 
published. In consideration of the brit- 
tleness and poor machinability of alloys 
containing more than 5-6 pct Si, com- 
mercial interests have stimulated the 
research done on iron-silicon alloys, 
but mainly in the range of 0 to 6 pct Si. 
Yensen? has shown the influence of im- 
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purities, such as carbon, sulphur and 
phosphorus on the magnetic properties 
of 2, 4, and 6 pct Si alloys. Corson? 
extended his investigation of physical 
properties to approximately 32 pct Si, 
and attributed the brittleness of the 
high-silicon material to the particular 
constitutional features of the alloys. 
Though mentioned earlier in the litera- 
ture, the effect of nitrogen on crystal 
growth and magnetic permeability of 
iron-silicon alloys has been demon- 
strated recently by Morrill* and 
Rostoker,® respectively. In all the 
above quoted investigations, except 
that of Rostoker,® sand or chill casting 
processes were employed for the prepa- 
ration of samples. 

A major advantage of the powder 
metallurgy process is that it does away 
with time-consuming machining in 
many applications. The powder metal 
industry is always interested in pro- 
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ducing a finished product employing a 
material which has presented con- 
siderably greater difficulties in manu- 
facture by other methods. Steinitz® 
described preparation and testing of 
various Fe-Si alloys which were pro- 
duced by the powder metallurgy 
process for the manufacture of arma- 
tures for small electric motors or gen- 
erators. While Steinitz investigated 
alloys up to 6 pct Si, Rostoker® went 
as high as 9 pct Si. The author’ previ- 
ously discussed the diffusion of iron- 
silicon compacts containing 6 and 10 
pet silicon. 

It is the object of this paper to study 
the progress of diffusion occurring in 
iron-silicon alloys by electrical resistiv- 
ity measurements. All samples were 
prepared by pressing and sintering of 
compacts. Iron, silicon, and Fe-Si pow- 
ders of various mesh size and composi- 
tions were employed to obtain test 
samples. It was assumed that complete 
diffusion had been obtained when the 
electrical resistivity reached a constant 
value characteristic for that particular 
alloy. To this end, electrical resistance 
measurements were used to follow the 
progress of alloying under various 
conditions. 
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Table 1. . . Raw Materials Employed 


Typical Analysis, Pct 
ren a Wt. Loss 
Ee Type ae 

S Fe | Mn | Ni | Cr G Ald. Ga aaeee 

1 Electrolytic iron bal. 0.004 0.65 

2 Fe-Si (85-15) 83.11 0.6 | 0.3 | 0.2 | 0.70 | 0.3 | trace} 15.4 

3 Fe-Si (75-25) 74.0 0.03 25.2 

4 Fe-Si (50-50) bal. | 0.4 | 0.15 | 0.1 | 0.04 |1-1.2| 0.08 | 49.8 

5 Silicon 0.82 0.10 S15) | P25 e976 

The difficulty of microscopic evalua- Table 2... Densities of Fe-Si are as reported by Bedel and have been 
tion of the degree of diffusion and of Alloys accepted as a theoretical density basis 
approach to homogenization in Fe-Si for all specimens prepared during this 
alloys was a prime cause for this re Values obtained by investigation. These are in good agree- 
. . 5 Cc . . . . . 
investigation. Although there have Si oe ae ames ment with results obtained in this in- 
c C 0 edel’ he 9 is Investigation 5 : . : * . 

been some important publications dur- vestigation. The comparison is given 1n 
ing recent years, they have not helped A lee Nia Table 2. 
to clarify the rather complex situation » ors ret 
occurring in compacts wherein diffusion 50 A 4.68 


may be only partial. 


Materials, Preparation of 
Samples and Testing 
Methods 


Table 1 gives. data concerning the 
powders employed for this work. All 
powders were mixed in appropriate 
proportions to give the desired overall 
silicon content, and were subsequently 
tumbled for one hour. 

Samples 2.5cm X lcm X 1 cm were 
produced by single action hot pressing 
in graphite dies heated by direct con- 
duction. The hot pressing procedure 
was chosen in order to avoid compact- 
ing difficulties which otherwise occur 
during cold pressing operations with 
high silicon-containing powders. Rela- 
tively high initial densities were ob- 
tained by this method. In certain cases 
an’expansion of samples was observed 
during the initial subsequent heating 
period, and was attributed mainly to 
the evolution of gases, an occurrence 
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* Bedel’s results were plotted, and the tabu- 


lated values were taken from this curve. 


frequently encountered in Fe-Si mate- 
rials. This effect was never large enough 
to interfere with subsequent and con- 
tinued densification, although sintering 
was slowed down to some extent. 
Pressures employed during hot pressing 
ranged from 1 to 2 tsi, and the hot- 
pressing temperature was selected to 
be below the melting point of the alloy. 

Heating was done in a Globar- 
heated furnace in an atmosphere of 
either hydrogen or cracked ammonia. 
Atmosphere purity was controlled to a 
high degree by the use of drying towers 
and gettering. 

Electrical testing was done with a 
Kelvin Bridge in which the potential 
drop for a current of 10 amp was meas- 
ured over a length of 1.5 cm at room 
temperature. 

In 1932 Bedel® published data of ex- 
perimentally determined densities of 
cast specimens. The data of Table 2 
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FIG 1—Density and electrical resistivity vs. time at 1180°C after 
hot pressing. Alloy: 50 pct silicon. 
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Homogenization Study of 
Individual Alloy 
Compositions 


50 PCT SILICON 


Samples containing 50 pct silicon 
were prepared from: (1) silicon powder 
mixed with electrolytic iron powder 
(powders 1 and 5) and (2) prealloyed 
50/50 ferrosilicon (powder 4). 

Only coarse powders, through 100 
mesh, could be employed during the 
processing of this composition, since all 
compacts of finer powders could not be 
prevented from oxidizing during heat 
treatment. 

Samples in group (1), above, which 
were hot pressed at 1080°C, showed an 
initial increase of electrical resistivity 
during the first hours of heat treatment 
at 1180°C. After reaching a maximum, 
the resistivity dropped to a constant 
level after about 8 hr at temperature. 
This is similar to previously reported 
behavior for hot-pressed samples.’ Fig 
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FIG 2—Density and electrical resistivity vs. time at 1180°C after 
hot pressing. Alloy: 33.5 pct silicon. 
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1 shows density and electrical resistiv- 
ity behavior after hot pressing and 
during the heating cycle. The minimum 
resistance value in the ‘‘as hot pressed” 
state is far above that of pure iron, and 
it is therefore believed that some diffu- 
sion had already taken place during 
hot pressing, thereby setting up high 
silicon grain boundary “‘barriers’’ to 
the current through a “series-resist- 
ance” network. The formation of this 
high resistance skeleton continued with 
time at temperature and increasing 
diffusion. After approximately 1 hr and 
90 min. at temperature (1180°C), a 
maximum resistivity was reached for 
the 50 pct Si material, whereas, as 
previously reported, only 25 min. were 
necessary for the 6 and 10 pct Si mate- 
rials to reach this peak value.? 

Another possible explanation for this 
maximum is the formation of an 
Fe-Si-C phase, since some carbon was 
introduced during hot pressing through 
the use of graphite dies, and was still 
present at this point in the heat treat- 
ment. An intergranular phase was 
visible upon microscopic examination. 
The microhardness of this phase was 
much closer to that of an iron-silicon 
alloy than that of silicon carbide. This 
seems to favor the first theory. It was 
found that progressive decarburization 
of the compacts occurs during heat 
treatment. 

Diffusion seemed to be completed 
after approximately 8 hr, at which 
point a resistivity value of 350 mi- 
crohm-cm was reached. The density 
was relatively high for this material 
throughout the heat treatment and 
seemed to reach a maximum point of 
densification after only 4 hr of heating. 

When prealloyed 50/50 ferrosilicon 
powder was hot pressed at 1080°C and 
heat treated at 1180°C, both the den- 
sity and resistivity showed behavior 
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FIG 3—Density and electrical resistivity vs. time at 1180°C after 
hot pressing. Alloy: 27.5 pct silicon. ! 
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Table 3. . . Density and Resistivity 
of Homogenized Material After 
Hot Pressing 


Hot Pressing Density Resistivity 
Temp. °C. Pct Microhm-cm 
1080 86.0 255 
1150 95.5 250 
1200 96.0 250 


otherwise encountered only after sin- 
tering operations (see Fig 1). Contact 
resistance showed a gradual decrease 
as continued solid bonding took place 
between the particles. As soon as pore 
space was greatly reduced by densifica- 
tion and the measured cross-section 
became a true measurement (after ap- 
proximately 6 hr), the same resistivity 
of 350 microhm-cm was reached. When 
this prealloyed material was hot 
pressed at 1200°C, this resistivity 
value was reached immediately, and 
the concomitant density was approxi- 
mately 100 pct. The use of higher 
hot pressing temperature thus elimi- 
nates approximately 6 to 8 hr of heat 
treatment. 

The density of iron-silicon powder 
mixtures, initially hot pressed at this 
higher temperature (1200°C), did not 
differ from that obtained at a lower hot 
pressing temperature (1080°C). Re- 
sistivity, however, was approximately 
125 microhn-cm higher at this initial 
stage, due, presumably, to further 
progress of diffusion. The curve then 
followed substantially the aforemen- 
tioned trend of peak and decrease, 
reaching complete diffusion at similar 
time and resistivity values. Samples 
containing 48.3, 44.1 and 42.2 pct Si, 
by analysis, were prepared by this 
same method and showed similar be- 
havior in the relationship between time 
at temperature and both resistivity and 
density. Resistivity data for these 
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compositions are reported in a subse- 
quent portion of the text. 


33.5 PCT SILICON 


This composition was prepared by 
mixing silicon powder with electrolytic 
iron powder and hot pressing at 1080°C. 
Coarse and fine powders behaved alike, 
and in general it can be said that re- 
sistivity and density followed the same 
general trend as the 50 pct Si alloys 
throughout the heating period (Fig 2). 
Only after 10-12 hr was homogeniza- 
tion accomplished. The final resistivity 
value reached, at complete diffusion, 
was 235 microhm-cm. This is in agree- 
ment with values obtained by Corson 
for cast materials of similar composi- 
tion. Some of the completely homogen- 
ized material was crushed to powder 
(through 100 mesh), and re-pressed at 
various temperatures. Table 3 gives the 
results for these homogenized mate- 
rials when hot pressed at various 
temperatures. 

It is obvious from Table 3 that the 
resistivity is not dependent on the den- 
sity in this range. Complete diffusion 
had occurred in all three cases during 
the prealloying, and the slightly higher 
resistivity of these samples was at- 
tributed to thin grain boundary oxide 
films which were found to be present 
‘during metallographic examinations. 
The structure of the above three speci- 
mens was substantially the same as for 
samples fully homogenized by heating 
for 11 hr. 


20 TO 27.5 PCT SILICON 


A 27.5 pct Si alloy was prepared by 
mixing a 50/50 Fe/Si master alloy 
with electrolytic iron powder. The 
powders (—325 and —100 mesh mix- 
tures) were hot pressed at 1080°C and 
after a subsequent heat treatment of 
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FIG 4—Density and electrical resistivity vs. time at 1180°C after 
hot pressing. Alloy: 25 pct silicon. 
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aie 5 : ° 
Table 4... Resistivity of Specimens Hot Pressed at 1080°C and Heat 
° 
Treated at 1180°C 
Composition Resistivity, Microhm-cm 
F Master Tron This F 5 Y 2 
Alloy Pct Si Alloy Pavder Investigation Corson* Rostoker ensen 
6 2 and 3 Li 85 80 83.5 78 
9 2 and 3 iY 110 103* 98.6 1107 
10.1 2 and 3 1 115 105* 
11.5 3 1 116 98* 
12.5 3 1 60 85* 
13.1 3 1 55 75* 
15.2 3 1 55 40* 
16.6 3 il 62 60* 
18.2 3 1 65 80* 


*Interpolation not too accurate, due to scale of curve. 


+Extrapolated. 


approximately 6 hr at 1180°C a con- 
stant resistivity level was reached. 

The 25 pct Si alloy was made up by 
hot pressing a commercial, pre-alloyed 
75/25 alloy at 1080°C with a subse- 
quent heat treatment at 1180°C. A 
state of constant resistivity was ob- 
tained after approximately 8 hr of heat 
treatment for both fine and coarse 
powders. 

The 20 pct Si sample was produced 
by mixing a 75/25 master alloy with 
electrolytic iron powder. Only a —325 
mesh powder was employed for this 
composition. 

Fig 3, 4 and 5 show the relationship 
of both the resistivity and density to 
time at temperature. Trends substan- 
tially similar to those observed in previ- 
ous experiments are noted. Some 
difference in behavior is noticeable 
if one considers the particle sizes 
employed. 

For the 27.5 pct Si alloy, the coarse 
powder follows a rather normal pattern 
to complete homogenization. The proc- 
ess was slowed down considerably in 
the case of finer powder because rela- 
tively more surface area is exposed to 
oxidation. This is contrary to the usual 
alloying process occurring in powders, 
where the finer powder mixes usually 
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Table 6... Fe-Si Alloys Annealed 
in H, and Cracked NH; Atmos- 


pheres 
Resistivity, Microhm-cm 
Approx. 
ae Samples Annealed | Samples Annealed 
in He in Cracked NH3 
6 83.5 85 
9 104.5 110 
10 111 115 
12-5 60 60 
20 151:5 152 
25 210 205 
32 239 25 
50 355 350 


reach equilibrium faster. 

The 25 pct Fe-Si alloy behaved nor- 
mally; the finer powder was densified 
in about half the time required for the 
coarser powder. Apparently the 50/50 
Fe/Si master alloy which was em- 
ployed in producing the 27.5 pct Si 
sample had a greater tendency to oxi- 
dize than did the 75/25 master alloy. 

When fully homogenized 20 pct and 
27.5 pct Si alloys were crushed to pass 
through a 100 mesh and hot pressed at 
1080°C, their final resistivity values 
were obtained immediately on hot 
pressing. For the commercial, pre- 
alloyed 75/25 Fe/Si alloy, the hot 
pressing temperature had to be raised 
to 1200°C, in order to reach the final 
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Table 5... Percent Carbon in 
Fe-Si Compacts After Various 
Heat Treatments 


Pct Carbon 
ee 25 Mi 
i in. 
9 ee at 4 Hr | 10 Hr} 15 Hr 
HES ea Tia 
6 0.12 0.10 0.08 | 0.07 | 0.04 
10.1 0.13 0.04 0.04 | 0. 
12.5 0.13 0.03 0.03 


resistivity value of this material im- 
mediately after hot pressing. When 
pressed at a lower temperature (1080°C) 
8 hr of subsequent heat treatment were 
needed to attain constant resistivity. 

A similar behavior had been noticed 
with regard to the 50/50 alloy. The pre- 
cise reason for this difference is not 
known. Also, the method of manufac- 
ture of the commercial material is not 
known. It is known, however, that the 
homogenized powders used in this in- 
vestigation (made by hot pressing and 
heat treating) were used within a fairly 
short time after crushing (12 hr max.), 
and were stored in desiccators even 
during this interval. Surface oxide film 
on the commercial powder may account 
for the increased resistance values 
found in the hot pressed (1080°C) 
condition. 


6 TO 18 PCT SILICON 


All compositions were prepared as 
shown in Table 4. Testing was done for 
heat treating times ranging from 25 
min. to 17 hr and, with regard to elec- 
trical resistivity and density, all mate- 
rials followed the trends discussed 
before for other Si alloys. Final resistiv- 
ity values are also given in Table 4. 
Some values found in the literature 
have been entered in the table for 
comparison. 


& oy 
Se BS 
Etectrica. Resistivity 


w 
i) 
Ss 


FIG 5—Density and electrical resistivity vs. time at 1180°C after 
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hot pressing. Alloy: 20 pct silicon. 
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FIG 6—Time needed for complete diffusion for iron-silicon 
samples prepared from different master alloys. Hot pressing 
temperature 1080°C. Subsequent heat treatment at 1180°C. 


Table 7... Resistivity Values for 
Fe-Si Alloys After Complete 


Diffusion 
Pet Si Resistivity Pet Si Resistivity 
(by. (microhm- (by (microhm- 
analysis) cm) analysis) cm) 
6.0 85 20.1 152 
9.0 110 25.2, 25 | 182, 180.5 
10.1 115 21-6 200 
11.5 116 BEES) 240 
12.5 60 42.2 303 
13.1 55 44.1 320 
15.2 55 48.3 340 
16.6 62 49.8 350 
18.2 65 


Fig 6 indicates the time needed for 
different samples to reach complete 
diffusion. It is interesting to note that 
when master alloys are sintered by 
themselves, both the 50/50 and the 
75/25 require the same time (7 hr at 
~1180°C) to reach constant resistivity. 

For a given alloy mixture, 85/15 
master alloy requires a somewhat 
shorter time at temperature, as com- 
pared with 75/25, to reach constant 
resistivity. Also, the less iron added to 
the 75/25 mixtures (approaching the 
composition of the master alloy), the 
longer the time required for equilib- 
rium. If not hot pressed, much longer 
times at temperature than those re- 
ported in Fig 6 are necessary to obtain 
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complete diffusion in iron-silicon mate- 
rials produced by powder metallurgy 
processes. Hot pressing temperatures 
were controlled optically and it is 
probable that the indicated tempera- 
tures were no more precise than plus 
or minus 20-30°C. Considering the fact 
that a few degrees C in this tempera- 
ture range, which is quite critical for 
these Fe-Si materials, will influence the 
speed of diffusion considerably, the 
times reported in Fig 6 represent ap- 
proximate values. 

Carbon analyses have been run for 
some materials containing 6, 10.1 and 
12.5 pct Si, and the results are tabu- 
lated in Table 5. 

Inasmuch as the original raw mate- 
rial contained less than 0.03 pet C, the 
C picked up during hot pressing seems 
to be as high as 0.09 to 0.10 pct. 

Metallographic examination dis- 
closed substantial surface carburization 
of the compacts, and certainly a good 
portion of both the increased carbon 
found on hot pressing and the loss of 
carbon observed after heat treating can 
be attributed to the carburization and 
subsequent decarburization going on in 
the skin of the compact during its cycle. 

A comparison has also been made for 
resistivities obtained with samples an- 
nealed in H. vs. samples annealed in 


cracked ammonia. Table 6 shows that 
the nitrogen contained in this latter 
atmosphere does not seem to have 
much influence on the electrical re- 
sistivities of Fe-Si alloys. 

A characteristic trend of minimum, 
maximum and constant resistivity level 
was established as a function of diffu- 
sion time for iron-silicon samples pre- 
pared from powder mixes. 

At the minimum resistivity (the “as 
hot pressed”’ stage), diffusion of the 
silicon into the iron was far from com- 
plete, but a certain amount of bonding 
between particles had taken place. The 
current passed through a low resistance 
network. After a given time interval at 
temperature, diffusion created a high 
resistance silicon-iron network, ac- 
counting for the maximum resistivity. 
Diffusion, progressing with time, re- 
duced the resistivity to a constant level. 
If a given ferrosilicon composition was 
prealloyed by the hot pressing and heat 
treating procedure, and subsequently 
crushed to —100 mesh, final-resistivity 
was obtained immediately on hot press- 
ing at 1080°C. 

Hot pressing temperatures, higher by 
120°C, were required for commercial 
prealloyed powders to obtain final re- 
sistivity immediately upon hot press- 
ing. Grain boundary oxide films are 
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believed to be the cause for the neces- 
sity of this higher hot pressing tempera- 
ture. If a commercial, prealloyed, 
powder was hot pressed at normal hot 
pressing temperature, 8 hr of subse- 
quent sintering time was needed to ar- 
rive at final resistivity values. 


General Discussion of 
Resulis 


Table 7 shows the resistivity values 
the author measured for various Fe-Si 
alloys after complete diffusion. Data as 
given by Corson* have been plotted 
together with these values in Fig 7. 

Distinct differences between the val- 
ues obtained in these two investiga- 
tions, especially in the 20-30 pct Si 
ranges, can be noticed in Fig 7. The 
present values are generally higher 
than those reported by Corson, whose 
specimens were prepared by casting. 
A comparison of grain size of the alloys 
employed during the respective investi- 
gations disclosed striking similarities. 
Since no comparisons with regard to 
chemical purity can be made it can 
only be pointed out that’ all Si per- 
centages employed in this investigation 
have been carefully checked by chemi- 
cal analysis, and tests have frequently 
been repeated to minimize any source 
of error. It will also be recalled that 
while the samples for the author’s ex- 
periments have been produced by sev- 
eral methods, the final test results have 
never varied more than 3 to 5 pct. 

All samples were tested for hardness, 
and Fig 8 shows the relationship of 
Rockwell hardness vs. silicon content 
for the fully homogenized samples. 
Hardness values in Fig 8 are higher for 
the higher silicon ranges than the val- 
ues reported by Corson. There may be 
some relationship between the higher 
hardness and the higher resistivities as 
reported in Fig 7. 

Metallographic examination of speci- 
mens in the 11—25 pct region suggest no 
cause for the shape of curves for hard- 
ness and resistivity. One explanation, 
recorded by Hansen,!° was the presence 
of an order-disorder transformation. 
An X ray diffraction study of 12.5 pct 
and 16.6 pct Si alloys showed the 
presence of lines which were absent in 
a 10.1 pct Si alloy. These lines corre- 
sponded to the calculated positions of 
the 111 and 200 reflection, and thus are 
taken to indicate the existence of an 
ordered state. In this connection it 
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FIG 8—Hardness vs silicon content for 
fully homogenized samples. 


might be of interest to note that some 
heat treatment experiments have been 
made with a 15.2 pct Si-containing 
material. One specimen was kept at 
1180°C for 72 hr and cooled to room 
temperature over a period of approxi- 
mately 5 hr, while another specimen 
was quenched in water after this pro- 
longed time at temperature. In both 
cases the resistivity values as reported 
for this composition in Fig 7 were still 
found and no marked difference in 
structure between these two specimens 
could be found upon metallographic 
examination. 


Summary 


1. It has been shown that the degree 
of diffusion in iron-silicon alloys pre- 
pared by the powder metallurgy process 


can be followed by electrical resistivity 
measurements. In the higher density 
ranges, the electrical resistivity is a 
function only of the diffusion process 
and is very much influenced by changes 
of the Si concentration in a non- 
homogeneous Fe-Si alloy. 

2. Values for the specific electrical 
resistivity of iron-silicon alloys contain- 
ing between 6 and 50 pct silicon have 
been determined. 

3. It has been further shown that 
the hot pressing and heat treating 
process can be used to produce iron- 
silicon materials in suitable forms. 

4. No major effects upon the electrical 
resistivity of an atmosphere containing 
nitrogen were detected for iron-silicon 
alloys. 

5. The resistivity curve shows a 
break between approximately 11 and 
25 pet Si. 
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A Metallographic Description of 
Fracture in Impact Specimens 
of a Structural Steel 
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Metallurgists have looked at frac- 
tures macroscopically for many years 
and have evolved a vocabulary in 


which such words as “cleavage,” 

ee == 39° ‘ 99 ‘ =, 3° . 
brittle,’ “‘shear,” ‘‘ductile,” “‘gran- 

ular,” “fibrous,” and “‘silky”’ are used 


to describe the appearance of the frac- 
tured surface; but the meaning of these 
words in terms of metal structure is 
not well established. Observations of 
the structural meaning of “‘brittle” 
and “ductile” fractures in plate steels 
have been made, notably, by Kramer 
and coworkers! and by Tipper.? Gross- 
man’ has studied the fracture of 
tempered martensite and combinations 
of ferrite and martensite. Notwith- 
standing these and other less con- 
certed_attacks on the problem, present 
understanding of fracture rests more on 
assumptions and logic than on experi- 
ment. It is the purpose of this paper 
to add a little to the growing fund 
of experimental observations of the 
nature of fractures in steel. The par- 
ticular fractures to be described were 
obtained in conventional impact test- 
ing of an ordinary structural steel 
shape. 

In impact tests of the Charpy type, 
the specimens fail in a characteristic 
manner that depends on the steel and 
the temperature of testing. With ordi- 
nary structural and many other steel 
products, an appropriate range of 
testing temperature will cause a con- 
siderable change in the energy absorbed 
before fracture. This change is known 
as the energy transition and is accom- 
panied, more or less closely, by alter- 
ation in the appearance of the fracture. 
At testing temperatures below the 
transition, the terms “‘brittle,”’ “‘cleav- 
age,” or “granular” are used to 
describe the fracture; above it, “‘duc- 
tile’ or ‘“‘shear’’ are often used. 
Within the transition, the fracture 
changes from ‘‘brittle’” to “‘duc- 
tile’ by a progression in appearance, 
wherein the “‘brittle’’ portion of the 
fracture becomes restricted to a smaller 
and smaller central area of the frac- 
ture, as the testing temperature is 
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FIG 1—Relation of energy to testing temperature obtained from V-notch Charpy 
specimens from an ordinary structural steel shape. 


raised and the “ductile”’ type of frac- 
ture is approached. All this is well 
known to metallurgists. 

The specimens under considera- 
tion are of the conventional V-notch 
Charpy type. They were taken from 
a structural steel shape of the following 
analysis: 


C Mn P Ss Si 
0.17 0.46 0.009 0.029 0.03 


Both longitudinal and _ transverse 
specimens were tested and examined. 
Fig 1 shows the energy values plotted 
against testing temperatures in the 
usual way. The curves for both longi- 
tudinal and transverse specimens show 
an energy transition, although the 
maximum energy absorbed at testing 
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temperatures above the transition is 
greater in the case of the longitudinal 
specimens. 

Fig 2 illustrates the changes in the 
macroscopic appearance of the frac- 
tures that are associated with the 
energy transitions shown in Fig 1. 
Macrographs of the fractured surfaces 
of the specimens have been identified 
with the fracture ratings at intervals 
on each fracture curve. The numerical 
fracture rating on the ordinate of Fig 2 
indicates the percentage of the area 
of each fracture that was considered 
to be ‘‘brittle’’ on macroscopic obser- 
vation. Such rating of the fracture type 
in impact tests is now customary in 
many laboratories. Hereafter the speci- 
mens will be identified by reference 
to Fig 2 as 90 pct “brittle,” 80 pct 
“brittle,” and so on, in accordance with 
this macroscopic evaluation of the 
appearance of the fractured surface. 

The discussion of the fractures is 
divided into three parts. The first two 
are concerned with the mode of 
fracture and its relation to general 
structural features. As the same metal- 
lographic features occur in both longi- 
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FIG 2—Relation of type of fracture to testing temperature obtained from V-notch 


Charpy specimens from an ordinary structural steel shape. 
Corresponding energy curves are shown in Fig 1. 


tudinal and transverse fractures, differ- 
ing in degree and distribution but not 
in kind, the illustrations and descrip- 
tion are drawn from both types of 
specimens. The third part of the dis- 
cussion deals with some relations be- 
tween the structural features of frac- 
ture and the energy values obtained 
in the test. In this part the relation 
between longitudinal and transverse 
data will be discussed. 


Character of the Fractured 
Surface 


Leaving aside for the moment con- 
sideration of ‘‘ductile’ fracture, the 
most prominent feature of the frac- 
tured surfaces in Fig 2 is the group 
of shiny facets to be seen on the 
‘brittle’? regions. These facets look 
alike and are of about the same size 
regardless of testing temperature, as 


FIG 3—Microscopic appearance of cleavage facets on fractured surfaces of impact specimens. Series 
covers transition range from 100 pct “‘brittle’’ fracture to 100 pet ductile fracture. 


a—100 pct “brittle” fracture. 750 x 
b—90 pct ‘‘brittle” fracture. 750 X 
c—80 pet “‘brittle” fracture. 750. X 
d—60 pet ‘‘brittle’”’ fracture: 750 X 
e—60 pct “brittle” fracture. 750 < 
f—30 pet “‘brittle” fracture. 750 X 
g—10 pet “brittle” fracture. 750 x 
h—10 pct “brittle” fracture. 750 X 
i—5 pct “brittle” fracture. 750 


j—0 pet “‘brittle”’ fracture or 100 pct “ductile” fracture (Same as Fig 3 k i 
«bri es t : g but focused at slightly I 
k—0 pct “‘brittle” fracture or 100 pct ductile fracture. (Same as Fig 3j but focused at ah ebtly ea aes 70 ce 


Il micrographs slightly reduced in reproduction. 
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FIG 4—Section through 90 pct “‘trittle” fracture. ‘‘Brittle’’ portion of fracture is enclosed by bracket. 
50 X. Etchant 2 pct nital. Reduced approximately one fourth in reproduction. 


FIG 5—Section through 60 pct “‘brittle’’ fracture. 


“Brittle” portion of fracture is enclosed with bracket. Arrows indicate figure numbers of micrographs showing detail. 50 X. Etchant 2 pct nital. 
Reduced approximately one fourth in reproduction. 


FIG 6 (left)—Portion of ‘brittle’ region of 30 pct “brittle” fracture. 
Single arrows indicate ferrite cleavages below the path of main fracture. 150 X. Etchant 2 pct nital. 
FIG 7 (right)—Detail of cleavages in the two ferrite grains indicated by the arrow on the right of Fig 6. 


Note that the cleavage was apparently interrupted by the pearlite colony. 1000 *.Etchant 2 pct nital. Both micro- 
graphs slightly reduced in reproduction. 
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long as they appear at all. This sug- 
gests a relation to the structure of the 
steel. 

On raising the magnification, but 
still looking toward the fractured sur- 
face, the facets have the appearance 
illustrated by Fig 3. It now becomes 
apparent that the facets are not alike, 
as they seemed at lower magnification. 
Instead, straight cleavage planes char- 
acterize the low temperature end of 
the transition range, while definite and 
then pronounced evidence of deforma- 
tion is observed on the cleavage facets 
as the high temperature end of the 
transition range is approached. “‘ Cleav- 
age’’ as used here and in the rest of 
the paper is crystallographic cleavage, 
not the loose application of the term 
to describe the macroscopic appearance 
of the fracture. 

At low testing temperatures, repre- 
sented by the specimens with 100 pct 
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Fig 5—(Continued) 


and 90 pct “‘brittle” fractures, the 
cleavage planes are flat and resemble 
the cleavage facets of ferrite described 
by Zapffe and Moore‘ and by Kramer 
and coworkers.? The cleavage planes 
make well defined angles with each 
other that appear to be the 90° angles 
to be expected from the {100} cleavage 
observed in ferrite by Barrett, Ansel 
and Mehl.® Tipper? has found that the 
{100} cleavage is that shown by the 
ferrite in ship plate fractures. 

As the testing temperature is raised, 
the tendency for multiple cleavage on 
several of the {100} family appears to 
diminish, giving rise to the larger, com- 
paratively smooth facets shown by the 
80 pct “brittle” fracture. Also there 
is another change in the character of 
the fracture. Small ripples appear on 
the cleavage surfaces. These ripples 
are believed to be caused by cold 
work, either prior to or at the time of 


cleavage. It is difficult to distinguish 
between prior and concurrent cold 
work, but the complexity of slip direc- 
tions to be seen as the testing tem- 
perature is raised suggests that at least 
a part of the slip occurs in the ferrite 
before cleavage takes place. A part of 
the rippling may be caused by the 
stress waves set up by the operation 
of cleavage. 

Multiple slip in three directions on 
single cleavage facets may be seen in 
the micrographs of the 30 pct and 
10 pet “brittle” fractures. The extent 
of such slip probably is related to the 
orientation of the ferrite grain with 
respect to the stress pattern. Two 
micrographs are included in Fig 3 for 
the 60 pct and 10 pct “brittle” frac- 


-tures. Each pair of photographs shows 


qualitatively the range in the amount 
of slip observed on the various cleay- 
ages of the fracture. 
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The final micrographs in the series 
in Fig 3 illustrate the highly distorted 
cleavage planes observed in the 0 pct 
‘brittle’ fracture obtained with a 
testing temperature of 210°F. Macro- 
scopically this fracture appeared to 
be 100 pct “ductile,” as may be seen 
in Fig 2. Microscopically the same 
sort of cleavage facets are to be seen 
in the central region of this “ductile” 
fracture as were observed on the 
‘brittle’ regions of the other frac- 
tures, with the exception that the 
cleavage facets of the “ductile” fracture 
are so rumpled by cold work that they 
do not reflect enough light to be de- 
tected macroscopically. as cleavage 
facets. Thus, under the triaxial loading 
in an impact specimen during testing, 
“‘ductile’’ fracture appears to be 
initiated by ferrite cleavage in essen- 
tially the same way as in the more 
“brittle” fractures that are obtained 
at lower testing temperatures. 


The Mode of Fractures 


Turning from examination of the 
fractured surface to the metal below 
the surface, even more light is shed 
on the mode of impact fracture in 
ordinary structural steel. For this part 
of the study, the fractured specimens 
were plated with nickel, sectioned and 
prepared for metallographic examina- 
tion. In each specimen the section 
studied lay on a plane that was normal 
to the fractured surface and extended 
from the notch to the back of the 
specimen. 

Fig 4 and 5 are illustrations of the 


li 


structural features observed in the 
metal below the ‘‘brittle’’ and ‘‘duc- 
tile” portions of fractures. Fig 4 shows 
a section normal to a 90 pct “brittle” 
fracture. The portion on which the 
ferrite cleavages were observed is 
included by the bracket. Similarly, 
Fig 5 shows a section normal to a 60 pet 
“brittle” fracture. The thickness of 
the specimen after fracture (distance 
between the notch and the back of 
the specimen) indicated the greater 
reduction before final rupture in the 
specimen having the 60 pct “‘brittle” 
fracture. In Fig 5, the region of ferrite 
cleavage is restricted and cold work, 
especially at the notch, has become 
more apparent than in the 90 pct 
‘brittle’? specimen in Fig 4. For the 
purpose of orienting the reader, the 
figure numbers of photographs at 
higher magnification to be described 
below have been placed in their respec- 
tive positions along the fracture in 
Fig 5. 

On examination of the metallo- 
graphic sections at higher magnifica- 
tions, the mode of development of the 
fracture becomes evident. With the 
exception of shock twinning at low 
testing temperatures, to be discussed 
later, the essential details of cleavage, 
deformation and fracture did not vary 
throughout the transition range, al- 
though these features apparently dif- 
fered in amount with change in testing 
temperature. Because of this similarity 
in the mode of cleavage, deformation 
and fracture, illustrations will be 
drawn from several of the specimens 
broken within the transition. 

The metallographic evidence sup- 


ee 


FIG 8—Cleavages observed in the ‘brittle’ portion of the 60 pct “brittle” fracture. 
500 X. Etchant 2 pct nital. 
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ports the following sequence of events 
leading to the final rupture of the 
specimens. As the hammer of the 
impact testing machine strikes the 
specimen and bends it, elastic and then 
plastic deformation occurs. Within the 
general region of greatest triaxiality of 
loading located somewhat back of the 
notch in the specimen, the restraint 
to deformation and the nature and 
temperature of the steel are such as to 
cause cleavage within the ferrite grains 
when the tensile stress normal to a 
cleavage plane reaches an appropriate 
value. The ferrite cleavage may occur 
either within the elastic or the plastic 
portion of deformation depending upon 
the testing temperature. The cleavage 
occurs only in grains or groups of 
grains whose cleavage planes are 
favorably oriented with respect to 
the stress pattern. Such cleavage in- 
volving two ferrite grains is indicated 
by the arrow on the right side of 
Fig 6, and is shown at higher magnifi- 
cation in Fig 7. Other similar cleavages 
are shown in Fig 8. In the fractured 
specimens, such cleavages were ob- 
served only in the immediate vicinity 
of the fracture. 

As described previously and _illus- 
trated by Fig 3, cleavage at the low 
temperature end of the transition 
apparently occurs before the yield 
point is reached. At the high tem- 
perature end of the transition, there 
is evidence of cold work preceding 
cleavage. Intermediate stages between 
these two extremes occur within the 
transition range. Evidence of deforma- 
tion before cleavage at the high tem- 
perature end of the transition is to 
be seen also in the samples prepared 
for metallographic study. Fig 9 shows 
cleavage involving three ferrite grains 
in a 10 pct “brittle” specimen. The 
bent cleavage on the right side of the 
micrograph is taken as an indication 
of cold work before cleavage. Deforma- 
tion after cleavage would be expected 
to separate the two surfaces of the 
cleavage in the manner illustrated by 
the cleavage at the fracture surface in 
Fig 8. 

To continue with the events pre- 
ceding final rupture, the greater the 
extent of cleavage the less will be the 
effective section of the metal left to 
withstand subsequent loading during 
the test. Also the stress pattern will 
be altered, because each cleavage will 
now have become an internal notch. 
In the next stage the metal between 
the cleavages, and that in the periph- 
eral regions of low triaxiality .of 
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FIG 9—Cleavages in three ferrite grains in a 10 pct 


“brittle” fracture. 


The bent cleavage on the right side of the micrograph indi- 
cates plastic deformation before cleavage. 500 X. Etchant 


2 pet nital. 


FtG 10—Evidence of deformation in the peripheral ‘ductile’ region of a 60 pet 


‘brittle’ fracture. 
500 X. Etchant 2 pct nital. 


FIG 11—Detail of the nickel filled crack indicated by the arrow on the left of Fig 6. 
Two colonies of pearlite were pulled apart. 1000 <. Etchant 2 pct nital. 


stressing, deform and fracture. Evi- 
dences of deformation in the peripheral 
‘*ductile’’ region have been illustrated 
already in Fig 2, 4 and 5. Microscop- 

ically, the fracture of such regions is 
illustrated by Fig 10. 

In the central ‘‘brittle’’ region, one 
feature of the deformation after the 
cleavage is the pulling apart of cleav- 
ages formed earlier. Numerous cleav- 
ages are formed in the general region 
of the final rupture, but only a limited 
number form a part of the path of 
ultimate rupture. Some of the cleavages 
remain intact as. indicated by the 
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arrow on the right side of Fig 6 and 
in Fig 7. Others are pulled apart as 
indicated by the arrow on the left side 
of Fig 6. This crack was filled with 
nickel when the specimen was plated. 
It may be seen in more detail in Fig 11. 
The upper surface of the cleavage has 
pulled away from the lower surface, 
and in so doing, has broken apart two 
colonies of pearlite. Similar pulling 
apart of cleavages may be seen in 
Fig 8. Fig 12 shows an instance in 
which stepwise slip occurred on the 
upper half of the cleavage during de- 
formation subsequent to cleavage but 


preceding final rupture. Apparently 
ferrite grain boundaries constitute a 
weak region where the cleavage extends 
through adjacent grains, as illustrated 
by Fig 13. 

When more than one cleavage occurs 
in a ferrite grain, as on the left of 
Fig 8, the final path of fracture may 
include the several cleavages. In such 
a case the final rupture occurs by 
tearing between the cleavages, as indi- 
cated in Fig 14. The arrows indicate 
the torn edges. 

In the absence of experimental obser- 
vations, there has been an inclination 
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FIG 12—Evidence of stepwise slip that preceded final rupture in a 60 pct ‘‘brittle’’ fracture. 


1200 X. Etchant 2 pet nital. 
FIG 13—A 90 pct ‘‘brittle”’ fracture. 


Cleavage in adjacent ferrite grains is joined by fracture along a grain boundary. 1000 X. Etchant 2 pct nital. 
FIG 14—Example of tearing between cleavages as observed in a 30 pct ‘‘brittle’’ fracture. 


500 X. Etchant 2 pct nital. 


FIG 15—A (Man, Fe)S inclusion adhering to a torn region of the fracture of an 80 pct “‘brittle’’ fracture. 
500 X. Etchant 2 pct nital. Micrographs slightly reduced in reproduction. 


on the part of some metallurgists to 
blame the initiation of “brittle” frac- 
ture on phases of little ductility such 
as carbides or nonmetallic inclusions. 
No evidence of this has been obtained 
in this study. On the contrary, the 
evidence suggests that the cleavage 
of ferrite initiates ‘‘brittle’ fracture. 
To support this viewpoint are the 
observations of intact pearlite colonies, 
as in Fig 7 where the cleavage has in- 
volved ferrite grains on both sides of 
the pearlite colony. 

There were far fewer inclusions than 
pearlite colonies in the steel, so that 
the opportunity to observe their role 
was limited; however, none of the 
observed ferrite cleavages could be 
definitely attributed to inclusions. 
The inclusions were as apt to be 
present in the torn regions between 
the cleavages as near the cleavages. 
Fig 15 shows a (Mn,Fe)S inclusion 
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still adhering to a torn region of the 
fracture. While the evidence presented 
here does not prove conclusively that 
cementite or inclusions do not initiate 
the cleavage, yet it seems sufficient to 
cast doubt on this explanation as the 
primary cause of the cleaving of ferrite 
in the impact test. More experimental 
observations are needed. 

Shock twins occurred frequently 
near the fracture in specimens broken 
at the low temperature end of the 
transition, and grew infrequent and 
then practically disappeared as the 
testing temperature was raised. Thus a 
greater proportion of energy went into 


_the formation of twins at the lower 


than at the higher testing tempera- 
tures. Typical shock twins are indi- 
cated by the arrows in Fig 16. There 
was no evidence that the observed 
ferrite cleavage follows the plane of 
shock twinning. This was to be antici- 


pated from the work of others? who 
have reported that the twinning and 
cleavage planes in ferrite are {112} and 
{100} respectively. The lack of coinci- 
dence is illustrated by Fig 16 in which 
the shock twins and a cleavage facet 
occur at a slight but definite angle 
with respect to each other. If the 
cleavage had resulted from weakness 
of lattice registry along the interface 
between the shock twin and the parent 
ferrite grain, one would not expect the 
structure shown in Fig 16. 


Dependence of Transverse 
and Longitudinal Energy 
Values on Structure 


This portion of the discussion is 
based on more limited observations 
than the foregoing description of the 
mode of fracture; however, it seems 
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FIG 16—{above) The arrows indicate shock twins near the surface of a 90 pct 


“brittle” fracture. 
Note that the shock twins and the cleavage facets occur at a slightly different angle. 
1500 X. Etchant 2 pct nital. 
FIG 17—{below) Evidence that cleavage is sometimes arrested by pearlite colonies. 
500 X. Etchant 2 pct nital. 


worthwhile to present it in an attempt 
to explain the differences between 
longitudinal and transverse energy 
values. It may be noted in Fig 1 that 
the energy curves for both longitudinal 
and transverse specimens start to rise 
at about the same testing temperature. 
Also, although the maximum energy 
values differ, both types of specimens 
reach their maximum energy value at 
about the same testing temperature. 
Furthermore, the macroscopic frac- 
ture appearance is similar for both 
longitudinal and transverse specimens 
at each testing temperature. These 
observations strongly suggest that the 
mechanism of the fracture is the same 
in both longitudinal and transverse 
specimens, but that the ease of frac- 
ture is altered by the well known 
anisotropy of rolled steel products such 
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as the structural shape used in this 
work. We believe that the explanation 
of the ease of fracture in the transverse 
specimens is to be found in the ferrite 
banding in the steel. 

In Fig 4, ferrite cleavage occurs quite 
generally throughout the “brittle” 
region of the fracture. This is the case 
for both longitudinal and transverse 
specimens of 80 pct and 90 pct “‘brit- 
tle” fractures. There is not much 
divergence of the energy curves in 
Fig 1 with these fractures. 

The situation is quite different with 
fractures from the middle of the 
transition. In these fractures ferrite 
cleavage is more prevalent in the 
ferrite bands, whereas the bands con- 
taining more pearlite show greater 
deformation before fracture. It may 
be that pearlite even arrests the 


cleavage. There is some evidence for 
this, as illustrated by Fig 17, where 
the cleavage that ends in the pearlite 
colony has not advanced. Instead, 
the steel to the right of the cleavage 
has deformed considerably after the 
formation of the ferrite cleavage. 
Whether pearlite stops the cleavage 
may be open to some question, al- 
though it seems to be the case. . 

It has been shown already that 
ferrite cleavage constitutes the initial 
stage of the failure. Now, in the trans- 
verse specimens the uninterrupted 
bands of ferrite lie roughly parallel to 
the surface of final fracture, as illus- 
trated by Fig 18. It seems reasonable 
to suppose that there would be more 
ferrite cleavage in these bands in the 
initial stages of fracture than in the 
rest of the structure. In this case the 
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FIG 18—Cleavage in a ferrite band in a 50 pct ‘‘brittle” fracture of a transverse specimen. 


ferrite bands would form a potential 
path of fracture, only needing to be 
joined by rupture of the intervening 
bands that contain pearlite. This 
explanation assumes a greater amount 
of ferrite cleavage in the ‘‘brittle”’ 
part of the fracture of transverse 
specimens, in order that the absorbed 
energy of the transverse specimens be 
less than for the corresponding longi- 
tudinal specimen in the middle and 
upper portions of the transition range. 
This was not checked quantitatively 
because of the experimental difficulties 
involved, so that the above explanation 
is to be considered only as a reasonable 
assumption based on the observed 
mode of fracture. 


Summary 


It cannot be too strongly empha- 
sized that the fractures that have been 
described were observed in impact 
specimens from a single structural 
steel shape. The essential details of 
the mode of fracture are thought to 
be common to mild steel of this type, 
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100 X. Etchant 2 pct nital. 


but more observations are needed to 
round out the general picture. 

Throughout the transition revealed 
by the impact test, fracture in this 
steel was initiated by cleavage of 
ferrite grains situated in the general 
region of maximum triaxiality of stress- 
ing during the test. At the low tem- 
perature end of the transition, ferrite 
cleavage occurred during or soon after 
the end of elastic deformation. It was 
often accompanied or preceded by 
shock twinning of the ferrite. At higher 
testing temperatures within the transi- 
tion, shock twinning gave way to 
deformation by slip. In the high tem- 
perature end of the transition, cold 
work apparently occurred both before 
and after the ferrite cleaved. 

After the initiation of the fracture 
by ferrite cleavage, a second stage of 
the fracture consisted of opening up 
the ferrite cleavages and deformation 
and rupture of the metal between the 
cleavages. Deformation and rupture 
of the peripheral regions of the speci- 
men also formed a part of the second 
stage of fracture. 

The experimental observations sug- 


gest that hard phases such as cementite 
and inclusions are not to blame for 
initiating ferrite cleavage in mild steel. 
In fact, there was some evidence that 
pearlite could arrest ferrite cleavage 
and confine it to a ferrite band, at least 
in the middle and the high temperature 
end of the transition. 

The tendency for the initial ferrite 
cleavage to extend quite generally 
throughout the ferrite band and the 
directional. extent of these bands in 
rolled mild steel products is offered as 
a possible explanation of the difference 
in the energy values obtained with 
longitudinal and transverse specimens. 
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Recovery and primary recrystalliza- 
tion in cold worked metals are usually 
considered as two competing processes. 
Some of the effects which usually 
accompany recovery are: alleviation 
of stress corrosion tendencies, changes 
in thermal emf,! damping capacity,” 
electrical resistivity,2 and magnetic 
properties,* and only minor changes in 
hardness or the related strength prop- 
erties. During primary recrystalliza- 
tion new unstrained grains are formed 
at the expense of the strained matrix. 
These new grains eventually become 
visible metallographically, and nucle- 
ation and growth kinetics have been 
indicated for this process.*® 

Frequent attempts have been made 

to study the cold-working phenomenon 
by observations on the line broadening 
by X_ray diffraction patterns. Rela- 
tively few measurements of line inten- 
sities have been made, although Brind- 
ley and his collaborators,*®7-* by means 
of film techniques, compared the in- 
tensities of cold worked Cu, Ni, and 
Rh patterns with those from chem- 
ically precipitated powders. These 
precipitated powders were presumed 
to be strain free, and it was found that 
the intensities for the cold-worked 
materials progressively decreased as 
the Bragg angle increased except for 
the first line, where there was an 
increase due to reduction in extinction. 
This was interpreted as a randomness 
in atomic position induced by cold 
_-work. Such randomness is similar to 
that caused by thermal agitation and 
_has been described as “frozen heat”’ 
displacement of 0.08-0.10 A from the 
mean atomic position. ir 

In a recent study® on the effect of 
cold work in metals on their powder 
pattern intensities, the changes in 
integrated intensity for heavily cold 
worked alpha brass were observed as a 
function of the annealing temperature. 
These measurements were made with 
a manually operated Geiger-counter 
spectrometer using CuKa radiation 

monochromated with a rock salt 
crystal. Intensity measurements were 
made with a scaling meter over small 
intervals of angle, and the equipment 


AUGUST 1949 


was so arranged that the diffracted 
and incident beams made equal angles 
with the specimen. Intensities could 
be compared directly by simply inter- 
changing specimens, and comparisons 
from day to day were made with a 
standard whose line intensities did not 
change on aging. It was shown that a 
cold worked alpha brass standard was 
stable for at least a year. 

Table 1 indicates the results of the 
integrated intensity measurements on 
a 70 Cu-30 Zn brass. In the sample 
preparation, a brass plate was first 
cold rolled 50 pct and then filed, 
screened to —325 mesh, compacted 
into briquettes at a pressure of 60,000 


psi and finally annealed for one hour at" 


various temperatures up to 400°C. 
The briquetting pressure did not seem 
to influence the integrated intensities, 
and most of the cold work was intro- 
duced by the filing. Although this 
method of cold work is not quanti- 
tative, it was used to obtain random 
orientation (and thus uniform diffrac- 
tion lines) in order to make accurate 
measurements of integrated intensity. 
Back reflection patterns were taken 
in each case to check the uniformity 
of the lines, and from the observed 
line broadening it was apparent that 
this type of plastic deformation was 
quite severe. 

Care was taken to traverse the entire 
background of the pattern and to 
assign to each peak the total intensity 
above this background. The bases of 
the diffraction lines were quite broad 
and spread out over several degrees, 
even for the narrow peaks. The theo- 
retical intensities were calculated to 
include a temperature correction, a 
dispersion correction, and a Lorenz- 
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FIG 1—(above) Change of extinction 
coefficient with annealing temperature for 
cold worked brass (70 Cu-30 Zn). 

FIG 2 (below)—Effective particle sizes 
calculated from extinction coefficients. 


polarization factor corrected for the 
crystal monochromated beam. In Table 
1 it was necessary to match the calcu- 
lated and observed values at only one 
point, and the rest of the experimental 
values were converted directly to this 
arbitrary scale. The integrated in- 
tensities in Table 1 are listed in arbi- 
trary units, and the accuracy was 
sufficient to reproduce any of the 
measured line intensities to within 
+1.5 units. It is evident that the per- 
centage error on the strongest line 
(111) was quite low. 

The calculated values and the ob- 
served intensities for the cold worked 
material matched reasonably well. As 
the annealing temperature was raised, 
however, the intensity of the strongest 
reflections, particularly the (111), de- 
creased measurably. Since the back- 
ground intensities of all of these pat- 
terns were identical, such behavior 
could be interpreted as a primary 


Metals Transactions, Vol. 185 . . . 491 


Table 1... Effect of Cold Work and Annealing on Integrated Intensities of 


X ray Diffraction Lines 


Brass (70 Cu-30 Zn)—Cold Worked at 25°C 


Annealing Temperature °C 
Line Calculated 
Intensities 
25 100 200 225 250 300 350 
(111) 193 <= 193 184 182 170 162 148 143 
(200) 93.6 89.5 87 85 86 84 76 75 
(220) 50.5 48 48 48 46 AZ 43.5 4l 
(311) Sea | SS 55 55 54 55 53 48 
(222) 16.5 18.3 19.1 ike AI iss, 16.1 oer ew 
(400) 10.0 9.6 8.4 Sac 10.6 8.7 9.6 8.7 


< Indicates where calculated and measured intensities were matched. 


extinction effect, and it is apparent 
that cold work reduces this extinction 
considerably. The calculated values 
take no account of extinction, and the 
agreement between the cold worked 
and calculated intensities indicates 
that the deformation induced by filing 
was severe enough to practically elimi- 
nate extinction. The extinction coeffi- 

I (with extinction) 
T (without extinction 
culated from the (111) lines, since the 
accuracy is greatest here, and these 
coefficients are plotted in Fig 1.* There 
is a sharp break at 200°C, and this 
sudden increase in extinction was 
subsequently associated with the onset 
of primary recrystallization. 

The data presented in Table 1 are 
not sufficiently accurate to determine 
whether the intensities of the back 
reflection lines in the cold worked 
material were measurably lower than 
those of the annealed samples. The 
observations listed here were made 
in such a way as to accentuate the 
accuracy of the low angle high intensity 
lines. When more accurate intensity 
determinations were made in the high 
angle region, it was shown that both 
cold worked and annealed materials 
diffracted the same integrated intensity 
for the relatively weak (400) line if all 
of the intensity above the true back- 
ground was considered. The determina- 
tions based on film measurements can 
suffer inherent difficulties in the com- 
parison of intensities from one film to 
another, and in the determination of 
the true background. These discrep- 
ancies may be sufficient to account for 
the diminished intensity originally 
observed in the high angle lines of cold 
worked materials. 

In order to determine the cause for 
the sudden change in the extinction 
curve in Fig 1, observations were made 
on the hardness, the half-maximum 


cient, a was cal- 


* The point at 150°C was determined from a 
measurement of the integrated intensity of the 
(111) line. The rest of the pattern was not meas- 
ured and is, therefore, not listed in Table 1. 


492 . . . Metals Transactions, Vol. 185 


300 


nN 
.) 
(e} 


nN 
2 
oO 


100 


KNOOP HARDNESS (25 GRAMS) 
a 
ie) 


0 100 


200 
ANNEALING TEMPERATURE °C 


300 400 


FIG 3—Tukon Hardness (25g load) of 
brass filings. 
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FIG 4—Change in half-maximum line 
widths with annealing temperature in brass 


(70 Cu-30Zn). 


diffraction line width, and on the 
metallographic structure. For the hard- 
ness test, the surfaces of the compacts 
were first given a metallographic 
polish with diamond dust and a large 
number of Tukon hardness readings 
were made on the individual filings at 
a load of 25 g. Although some scatter 
was obtained because of insufficient 
support under individual filings it was 
felt that the hardness readings from 
one specimen to another were com- 
parable and the results are plotted in 
Fig 3. Each point in the figure is the 
average of at least five readings. The 
sharp dip in the hardness at about 
225°C is usually taken as indicating 
the inception of primary recrystalliza- 
tion. Similarly the half-maximum line 
widths (plotted in minutes) also fall 
rapidly at about 225°C and this is 
indicated in Fig 4. It should also be 
noted that prior to this sharp dip the 
lines did not behave in uniform fashion, 
some lines increasing in width and 
others decreasing in width as the 
recovery temperature was raised. 

From the microstructures, which are 
shown in Fig 5 and 6, it is difficult to 
determine the inception of recrystal- 
lization. Because of the heavy cold 
working the recrystallized grain size 
is very small and although there seems 
to bea subtle difference between the 
structures at 200 and 225°C, the strain- 
free grains are not observed in the mi- 
crostructure until considerable growth 
has occurred. The X ray pattern first 
became spotty after a 400°C treat- 
ment and the microstructure in Fig 5 
indicates that visible growth has 
occurred by then. The combined evi- 
dence can be taken, however, to indi- 
cate that recrystallization takes place 
starting at 225°C. 

It is difficult to assign directly the 
cause for the reduction in primary 
extinction by plastic flow in a crystal. 
Above 200°C, recrystallization, and 
therefore grain growth, is involved and 
the extinction could be assumed to be 
a particle size effect. If the classical 
Darwin formula* is applied to these 
data one obtains an “effective particle 
size” of 2-6 X 10-* cm. These particle 
sizes are plotted in Fig 2 as a function 
of annealing temperature, and if the 
data are extrapolated below 100°C, one 
obtains an effective particle size of 
2X 10-° cm at room temperature. 
Each of the measured particle sizes 


* I (with extinction) _ tanh xq 
I (without extinction) — xq 


x = no. of planes taking part in the reflection 
q = reflected amplitude per lattice plane 
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is accurate to at least one significant 
figure and if the experimental error in 
the measurement of the cold worked 
(111) line is computed it can be seen 
that the cold worked particle size is 
probably not smaller than 1 X 10-° cm 
and is probably closer to the extra- 
polated value of 2 x 10-> cm. If the 
recrystallized grain size is estimated at 
400°C from the micrographs in Fig 6 
one obtains about 20 < 10-> em. The 
X ray beam averages the extinction of 
both the cold worked and the annealed 
regions, so that for the entire specimen 
one obtains a weighted average 
‘value of about 7 X 10-5 cm and this 
fits the extrapolated X ray~ values 
quite well. 
__ The presence of a nonuniform strain, 
even if it is an elastic strain, can also 
reduce extinction in crystals. It would 
be possible, therefore, to ascribe at 
least part of the extinction effect to 
nonuniform strains introduced by the 
deformation. However, Heidenreich 
and Shockley,!® using an _ electron 
microscope technique obtained a par- 
ticle size of about 0.2 x 10-5 cm in 
cold worked aluminum, and observed 
in addition a two stage process of 
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FIG 5—Micrographs of brass filings. 750 x. 
a. Cold worked. 6. Annealed 1 hr at 150°C. c. Annealed 1 hr at 200°C. d. Annealed 1 hr at 225°C. 


growth. The first stage consisted of a 
rather slow growth of a few small 
strain-free areas, and this corresponded 
to the usual recovery stage. In the 
second stage a very rapid growth of 
strain-free areas occurred and this is 
the phenomenon usually observed 
during recrystallization. It would be 
difficult to interpret Heidenreich’s 
results in terms of an overall strain 
relief, so that it seemed reasonable to 
assume that the small change in ex- 
tinction during the recovery stage 
could have been caused by the slow 
growth of strain free areas by a method 
entirely analogous to what is later 
called recrystallization. Some overall 
relief would also occur simultaneously. 
Since recrystallization is a process of 
nucleation and growth the early stage 
corresponds to a prolonged incubation 
period and it seems unnecessary to 
specify a separate mechanism for re- 
covery. The data presented here, how- 
ever, are not accurate enough to show 
definitely whether there is a slow 
growth of particle size during recovery, 
and a more extended study on mate- 
rials with a greater temperature range 
for recovery is needed. 


Table 2... Broadening of X ray 
Diffraction Lines in Brass (70 
Cu-30 Zn) Cold worked at 23°C 
and annealed for 1 hour at tem- 
peratures indicated. 


Annealing Temperature °C 


bers 9° 25 | 100 | 200 | 225 | 250 
Reduced Line Widths— 
(mmin.) 

i 
(111) 21°10’ 36 39 33 | 20 0 
(200) 24°35’ 68 70 58 | 30 0 
(220) 36°10’ 80 68 63 | 40 | 14 
(399) | 4gea0 | ‘72 | 91 | a7) ge | 

16° 91 TT13 

(400) 56°30/ 118 | 138 | 157 | 94 |} 30 


These data do indicate, however, 
that the most important process during 
the recovery stage may not be stress 
relief. If any substantial stress relief 
had occurred, it would have been 
reflected in a rather large change in 
extinction coefficient prior to recrystal- 
lization. Since the extinction remained 
virtually constant during recovery, it 
is suggested that the mechanism of 
recovery consists of the slow growth 
of existing strain free nuclei with a 
linear dimension of about 2 X 10-5 cm. 


Metals Transactions, Vol. 185 . . . 493 


Fig 6—Méicrographs of brass filings. 750 x. 


a. Annealed 1 hr at 250°C. b. Annealed 1 hr at 300°C. c. Annealed 1 hr at 350°C. d. Annealed 1 hr at 400°C. 


The line broadening observed for 
these cold worked materials is also 
consistent with such an interpretation. 
Perfect crystals have a very narrow 
range of perfect reflection, but if the 
crystal is cold worked, the intensity 
distribution can be taken as an indi- 
cation of the deviation from ideality 
of the radial distance to successive 
nearest neighbors. As recrystallization 
starts, certain small regions become 
strain-free, they reflect sharply, and 
the line broadening decreases. 
~ he half-maximum line widths were 
reduced to include only the broadening 
due to cold work by assuming that the 
lines at 300°C and beyond did not 


contain cold work broadening. Then: 
B (due to cold work) 


= 4/ B? (cold worked) — B?(300°C) 


and the resulting line widths are shown 
in Table 2. It has been suggested that 
the cold-work broadening should be a 
linear function of tan @, and Fig 7 
indicates that there is too much scatter 
in the data to check this concept. 
Greater precision in line widths is 
needed to put this phase of the work 
on a more satisfactory basis. 
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FIG 7—Line broadening due to cold work 
in brass (70 cu-30 Zn). 


Annealed 1 hr at temperatures indicated. 


Summary 


On the basis of X ray extinction 
measurements it is concluded that 
recovery may be a process analogous 
to recrystallization. It is possible that 
small strain-free grains are formed 
during recovery, and that recrystalliza- 
tion is observed to occur when there 
is a rapid growth in the size of these 
strain-free regions. Recovery and re- 
crystallization could then be two stages 
of the same process, and it would seem 
unnecessary to prescribe a separate 
mechanism, such as strain relief, for 
the recovery stage. 
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Ferromagnetic Alloys in the 
Systems Cu-Mn-In and Cu-Mn-Ga’ 
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F. A. HAMES,;{ Junior Member and D. S. EPPELSHEIMER,{ Member, AIME 


The ferromagnetic copper-manga- 
nese-aluminum and copper-manganese- 
tin alloys (Heusler alloys) owe their 
ferromagnetism to the beta phases 
(body-centered cubic structure) in 
their respective systems.!}2:3 The ter- 
nary beta phase regions in these sys- 
tems are extensions of the beta fields 
of the binary copper-aluminum and 
copper-tin systems into the ternary 
models of the copper-manganese-alu- 
minum and copper-manganese-tin sys- 
tems respectively. 

X ray analysis has indicated the 
presence of long-range order in the 
more strongly magnetic alloys.*4,5 The 
ideal ordered structure is obtained in 
alloys of compositions Cu,.MnAl and 
Cu.MnSn; the copper atoms occupy 
positions at cube centers while the 
aluminum (tin) and manganese atoms 
alternate at cube corners. This atomic 
arrangement is illustrated in Fig 1. 
The compositions Cu:,MnAl and 
Cu,MnSn are also those that show 
maximum magnetic saturation mo- 
ment.*:+6.7 Departures from these com- 
_ positions result in a decrease in the 
degree of order attainable and a de- 
crease in magnetic saturation moment. 

In view of the chemical similarities 
of aluminum, tin, indium, and gallium, 
and the existence of beta phases in the 
binary systems copper-indium and 
copper-gallium, it may be suspected 
that ternary beta phases exist in the 
systems copper-manganese-indium and 
copper-manganese-gallium, and that 
these are ferromagnetic. The purpose 
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FIG 1—Atomic Arrangement in Ordered Beta CusMnAl 
and Cu,MnSn. 
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of this investigation was to determine 
whether ferromagnetic beta phases 
exist in the systems copper-manganese- 
indium and copper-manganese-gallium 
analogous to the ferromagnetic beta 
phases in the systems copper-man- 
ganese-aluminum and copper-manga- 
nese-tin. 


Previous Work 


At the time this investigation was 
started no information could be found 
regarding the constitution of copper- 
manganese-indium and copper-man- 
ganese-gallium alloys, nor of the 
binary manganese-indium and man- 
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FIG 2—X ray Diffraction Pattern of Copper-Manganese-Indium Alloy I-1, Quenched from 500°C. 


ganese-gallium alloys. The general 
features of the equilibrium diagrams 
of the systems copper-indium and 
copper-gallium are known however, 
and these are next considered with 
special reference to the beta phase 
fields. 


SYSTEM COPPER-INDIUM 


Weibke and Eggers have worked out 
a constitution diagram for the copper- 
indium system on the basis of thermal, 
microscopic, and X ray studies.® These 
investigators showed by X ray analysis 
that the beta phase in this system has 
the body-centered cubic structure. 
Powder diffraction photographs of 
quenched beta alloys taken at room 
temperature showed extra diffraction 
lines indicative of a superlattice. 

Hume-Rothery and coworkers re- 
investigated the beta phase area in the 
copper-indium system,® their beta 
phase field boundaries being in good 
agreement with those of Weibke and 
Eggers. High temperature X ray 
powder photographs taken by Hume- 
Rothery and coworkers of alloys in 
the homogeneous beta area showed 
only the lines to be expected from a 
simple body-centered cubic structure. 


They concluded that the extra lines on | 


the films of Weibke and Eggers 
are characteristic of quenched alloys, 
rather than of the actual structure at 
high temperatures. 


SYSTEM COPPER-GALLIUM 


Weibke has published a constitution 
diagram for the copper-gallium system 
based on thermal, microscopic, and 
X ray studies.!° Weibke reported a 
beta phase having a body-centered 
cubic structure, but that the beta 
copper-gallium alloys particularly re- 
semble beta copper-aluminum alloys 
in that the structure of quenched 
alloys depends on the cooling velocity. 

Hume-Rothery and Raynor! re- 
examined the constitution of copper- 
gallium alloys in the region 18-32 at. 
pet of gallium and published a dia- 
gram which shows a high temperature 
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Table 1... Composition of Alloys 


Studied 
Weight Pct 
Alloy 
Designa- ji 
worn Cu Mn In Ga 
I-1 42.5 18.0 39.5 
G-1 49.5 21.6 28.9 
G-2 62.3 13.0 24.7 
G-3 57.8 16.0 26.2 


beta phase having boundaries that 
agree well with those of Weibke. 
Hume-Rothery and Raynor reported 
that the beta structure is retained by 
quenching from the homogeneous beta 
area only in alloys containing 22.5— 
23.8 at. pct of gallium. Beta alloys 
lying outside these composition limits 
decomposed on quenching. The same 
investigators also reported two modifi- 
cations of the beta phase which they 
designated as beta’ and beta’’, and 
suggested that a third modification 
exists below 420°C. 

In later papers by Hume-Rothery 
and coworkers,®!? it appears that they 
have combined the beta’ and beta” 
fields in a single field, representative 
of the beta phase (close-packed hex- 
agonal structure). High temperature 
X ray powder photographs taken by 
these investigators showed that the 
beta phase has a simple body-centered 
cubic structure. They call attention 
to the fact that experiments with 
quenched alloys may give quite mis- 
leading results and point to the exist- 
ence of a non-equilibrium phase having 
a simple close-packed hexagonal struc- 
ture in alloys quenched from the 
homogeneous beta area. 


Experimental 


Alloys were prepared from copper 
of 99.99 pct purity; indium of 99.97 
pet purity; Eagle-Picher gallium (pu- 
rity not specified); and vacuum-sub- 
limed or electrolytic manganese, both 
of 99.96 pet purity. The electrolytic 
manganese was treated for removal 
of hydrogen by heating at 500°C for 


one hour in a silica tube under a 
vacuum of 20 microns.!% 

One copper-manganese-indium alloy 
and three copper-manganese-gallium 
alloys were prepared and studied. The 
alloys were analyzed for copper and 
manganese and indium and gallium 
contents were obtained by difference. 
Analyses are listed in Table 1. 

Alloy I-1 was prepared by melting 
indium and copper-manganese master 
alloy (composition Cu,Mn) in an alun- 
dum thimble under a vacuum of 17 
microns, with the use of a high-fre- 
quency induction coil. Alloy G-1 was 
prepared by melting copper, manga- 
nese, and gallium together in an alun- 
dum thimble under helium. Alloys 
G-2 and G-3 were prepared by remelt- 
ing portions of alloy G-1 with added 
copper in evacuated Vitreosil tubes. 

The compositions of alloys I-1 and 
G-1 were intended to correspond to 
atomic proportions Cu,MnIn and Cu,- 
MnGa, respectively. Actual composi- 
tions as listed in Table 1 correspond to 
atomic proportions Cuy.o0.Mno.952In1.00 
and Cuy.97Mny.o0Ga1.os- 

Alloy specimens for heat treatment 
were sealed in evacuated pyrex glass 
or Vitreosil tubes and heated in an 
electric pot furnace. Temperatures 
below 200°C were measured with a 
mercury thermometer, and tempera- 
tures above 200°C with a chromel- 
alumel thermocouple calibrated against 
the melting points of lead, zinc, and 
antimony. Temperature was adjusted 
by a Variac and was held within 10° of 
the desired temperature. 

Powder diffraction photographs were 
taken with the Straumanis technique 
in a cylindrical camera of 57.3 mm 
diam. Unfiltered iron-K radiation from 
a Baird Associates X Ray Diffraction 
Unit was used. Powders were prepared 
from lump-annealed specimens and the 
powders were annealed as specified. 
The powder specimen was mounted in 
the camera on a glass fiber with the 
aid of vaseline, and rotated during 
exposure. 

Approximate values of specific satu- 
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FIG 3—(left) Copper-Manganese-Gallium Alloy G-1, Quenched from 500°C. 100 x 


Potassium Dichromate Etch. 


FIG 4—(center) Copper-Manganese-Gallium Alloy G-2, Quenched from 750°C. 100 x 


(Black Spots are Holes.) Alcoholic FeCl;-HCl Etch. 


FIG 5—(right) Copper-Manganese-Gallium Alloy G-3, Cooled in Furnace from 750°C. 100 x 


ration intensity of magnetization were 
measured at room temperatures with 
a magnetic balance constructed from 
an old magnetic ore separator. The 
balance is similar in design to balances 
used by Fereday,!4 Buehl and Wulff,!® 
and Carapella.1* The force per unit 
mass exerted on a small specimen 
placed in an inhomogeneous magnetic 
field is compared with the force per 
unit mass exerted on a standard speci- 
men, in this case electrolytic nickel of 
99.95 pet purity. The balance was 
arranged so that the force was exerted 
vertically and the force was measured 
with an analytical balance.* 


Results and Discussion 


SYSTEM COPPER-MANGANESE- 
INDIUM 


The copper-manganese-indium alloy, 


* For details concerning the magnetic balance, 
see thesis. 
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Potassium Dichromate Etch. 


Table2... Xray Diffraction Data 


for Ferromagnetic Cu-Mn-In 


Alloy 1-1 
Intensity 
Radi- 
ation hkl dobs. deale Ob- Rela- 
served PipU 
FeKe fill |3.592 |3.583 | w 2 
eS +200 |3.108 |3.103 | ww | 2.0 
B *220 |2.196 |2.194 | ww | 85.0 
# *220 |2.190 s 
8 +311 |1.868 |1.871 | ww | 4.5 
a +311 |1.868 W 
a 7222 |1.790 |1.792 ww 0.5 
& *400 |1.548 |1.552 | m_ | 26.0 
= 4331 |1.420 |1.423 | w 2.0 
@ +420 |1.395 |1.388 | ww | 0.6 
S *422 |1.266 |1.267 | m —| 33.0 
a ly 3) 1.194 |1.194 | w 2.0 
B *440 |1.096 ww | 19.0 
e ee 1.098 |1-997 | m : 
a 531 |1.049 w 4. 
os , 7233 1.049 [1-949 | ww 
a1 600 
ust 1.034 |1.034 | w 15 
a. | + $600 
ah 1.037 [1.034 | ww 
a | ¥*620 |0.9814|0.9813| ss {100.0 
a2. | *620 |0.9812 a 


* Fundamental (body-centered cubic) lines. 
+ Superstructure lines. 


I-1, was magnetic as prepared. Homo- 
genized for three days at 500°C and 
quenched, this alloy was magnetic, and 
under the microscope appeared to con- 
sist of a single phase. The specimen was 
badly cracked and preparation of a 
suitable metallographic specimen was 
difficult. 

Fig 2 shows the X ray diffraction 
pattern obtained from a powder speci- 
men of alloy I-1 quenched from 500°C, 
and Table 2 summarizes the diffraction 
data for this alloy. Reflections were 
found which correspond to those ex- 
pected for an ordered body-centered 
cubic structure with a) = 6.206 A. 
This alloy appears to be structurally 
analogous to the ferromagnetic beta 
phases in the systems copper-manga- 
nese-aluminum and copper-manganese- 
tin. Following the analogy, an alloy of 
composition Cu,MnIn, when fully 
ordered, would have an atomic arrange- 


FIG 6—Effect of Aging on Saturation Magnetization of 
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Copper-Mangenese-Gallium Alloy G-3. 
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FIG 7—X ray Diffraction Pattern of Copper-Manganese-Gallium Alloy G-3, Quenched from 750°C. 


ment like that shown in Fig 1 with 
indium atoms in place of aluminum 
(tin) atoms. This structure is based on 
space group O;-Fm3m. Relative in- 
tensities were calculated as _ being 
proportional to F2pU, where F is the 
structure factor, p is the multiplicity 
factor, and U is the Lorentz-polariza- 
tion factor. These are listed in Table 2 
together with visually estimated in- 
tensities for comparison. With the data 
at hand, nothing quantitative can be 
said about the degree of order in this 
alloy. It is certainly not fully ordered 
as it is deficient in manganese (com- 
position Cue.00Mno.9521N 1.00.) 

After the present work was practi- 
cally completed, the authors discovered 
an article by Valentiner and Pusicha!’ 
concerning the system aluminum-in- 
dium, in which mention was made of 
a ferromagnetic copper-manganese-in- 
dium alloy of composition Cu,MnIn 
having the same structure as beta 
CuzMnAl and Cu,MnSn. In a later 
brief paper,!® Professor Valentiner has 
summarized his findings regarding the 
copper-manganese-indium system. He 
states that the composition Cu,.MnIn 
shows the highest intensity of magnet- 
ization. The structure is the same as 
that of Cu,.MnAl and Cu.MnSn, with 
dy = 6.2 A. This alloy has a very small 
hysteresis and coercive force (less than 
0.4 oersted). The specific electrical 
resistivity is about three times as great 
as that of iron. The alloy is very brittle. 
The Curie temperature is about 270°C. 
Thermal treatment has but a very 
slight effect on the magnetic properties 
of copper-manganese-indium alloys, 
in contrast to the behavior of the 
copper-manganese-aluminum and cop- 
per-manganese-tin alloys. : 


SYSTEM COPPER-MANGANESE- 
GALLIUM 


The copper-manganese-gallium alloy 
G-1 was not magnetic as prepared, and 
a series of heat treatments was there- 
fore carried out to determine whether 
it could be rendered magnetic. Speci- 
mens were quenched from tempera- 
tures between 500°C and 750°C and 
aged at 100°C and 200°C for times 
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Table 3... Xray Diffraction Data 
for Alloy G-3, Quenched from 


° 
750°C 
Intensity Radiation d 
ww FeKa 446 
ww 294 
m 286 
ww 122 
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ranging up to 110 hr following quench- 
ing. Saturation magnetization was 
measured after quenching and at inter- 
vals during aging. 

The specimens were only feebly mag- 
netic, as quenched, and the effect of 
aging on magnetization was very 
slight. A notable exception was a 
specimen quenched from 650°C. This 
had a saturation magnetization about 
214 pet of that of nickel as quenched. 
Aging at 100°C for 110 hr doubled 
this value while aging at 200°C re- 
duced this value ten-fold. 

All quenched specimens showed two 
constituents under the microscope. Fig 
3 shows a typical microstructure. In 
view of the feeble magnetism of alloy 
G-1 and the complexity of interpreta- 
tion of the microstructure, this alloy 
was abandoned. The composition of 
alloy G-1 corresponds to atomic pro- 
portions Cuy.97Mnj.o00Gai.os. It will be 
a matter of interest to determine 
whether an alloy of exact composition 
Cu,MnGa ever exists as a single phase, 
analogous to the beta phases of com- 
positions Cu,MnAl, Cu.MnSn, and 
Cu,MnIn. 

Alloys G-2 and G-3 were prepared 
by remelting portions of alloy G-1 with 
added copper. After homogenizing for 
15 hr at 750°C the alloys were quenched 
in water and examined under the micro- 
scope. Both alloys showed an acicular 
(martensitic) structure and there was 


no evidence of the presence of more 
than one constituent. This is illustrated 
in Fig 4. 

Both alloys G-2 and G-3 were mag- 
netic after quenching. Experiments 
were carried out on alloy G-3 to 
determine the effect of certain heat 
treatments on magnetization. A por- 
tion of this alloy, when cooled in the 
furnace, became nonmagnetic and 
under the microscope had the appear- 
ance of Fig 5. A transformation is 
indicated. This behavior is similar to 
that of slowly cooled copper-manga- 
nese-aluminum and copper-manganese- 
tin ferromagnetic beta alloys. 

Specimens of the quenched G-3 
alloy were aged at 100°C and 200°C, 
and magnetization measured at inter- 
vals. The magnetization of the speci- 
men aged at 200°C decreased with 
aging time, and after 40 hr was very 
feebly magnetic. The effect of aging 
at 100°C was also to cause a decrease 
in magnetization but at a slower rate. 
This behavior is shown graphically in 
Fig 6. 

X ray diffraction photographs were 
taken of powder specimens of alloy G-2 
and G-3, quenched from 750°C. Similar 
patterns were obtained for the two 
alloys. Fig 7 shows the pattern for 
alloy G-3 and Table 3 lists interplanar 
spacings and visually estimated line 
intensities for this pattern. 

The diffraction patterns could not 
be interpreted satisfactorily. In partic- 
ular, no combination of lines could 
be found which is reconcilable with 
lines to be expected from a _ body- 
centered cubic structure, simple or 
ordered. The occurrence of martensitic 
structures in quenched alioys (Fig 4) 
suggests strongly that the high tem- 
perature equilibrium structure is not 
retained by quenching. The acicular 
structure of quenched beta copper- 
gallium alloys has been noted by Hume- 
Rothery and Raynor,!! and it is quite 
possible that this behavior persists in 
the ternary beta copper-manganese- 
gallium alloys. Also, Weibke!® noted 
the resemblance of beta copper-gallium 
alloys to beta copper-aluminum alloys 
which are known to develop martensitic 
structures on quenching.!® 
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It is therefore suggested that the 
quenched alloys G-2 and G-3 consist of 
a transition phase derived from the 
beta phase of the system copper-manga- 
nese-gallium, the beta phase being 
stable at high temperatures but not 
retained by quenching. This descrip- 
tion is based on indirect evidence: by 
analogy with beta copper-gallium and 
copper-aluminum alloys. It should be 
possible to clarify the structure of the 
ferromagnetic copper-manganese-gal- 
lium alloys with the aid of high tem- 
perature X ray diffraction data. 


Summary 


A ferromagnetic copper-manganese- 
indium alloy has been prepared having 
an ordered body-centered cubic struc- 
ture, and it is probably structurally 
analogous to the ferromagnetic beta 
copper-manganese-aluminum and cop- 


per-manganese-tin alloys (Heusler 
alloys). 
Ferromagnetic copper-manganese- 


gallium alloys have been prepared. An 
alloy of composition Cuy.97Mnx1. o00Ga1.os 
variously heat treated is feebly mag- 
netic_and has a two-phase structure. 
It is questionable whether an alloy of 
the exact composition Cu,MnGa ever 
exists as a single phase analogous to 
the beta phases of compositions Cu,- 
MnAl, CuzMnSn, and Cu;MnIn. 
With higher copper contents, 
quenched copper-manganese-gallium 
alloys are strongly magnetic. Quenched 
alloys show martensitic structures and 
are tentatively described as consisting 
of a transition phase derived from the 
beta phase of the system copper-man- 
ganese-gallium, the beta phase being 
stable at high temperature but not 


retained by quenching. Quenched alloys 
lose their magnetism on aging. Slowly 
cooled alloys also lose their magnetism, 
and this loss is correlated with a trans- 
formation which is observable under 
the microscope. 
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Effect of Carbon and Nitrogen on Temper Brittleness 


D. C. BUFFUM,* L. D. JAFFE,* Junior Member AIME, and W. P. CLANCY* 


Many earlier workers have sug- 
gested that the temper brittleness of 
steel is associated with the presence of 
carbon or nitrogen.t Nevertheless, no 
investigations on the effect of removal 
of these elements upon susceptibility 
to temper brittleness have been pub- 
lished. It was therefore decided to de- 
termine whether temper brittleness 
would develop in an iron alloy contain- 
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ing very little carbon and nitrogen. 
The alloy,t in the form of a 10-lb ingot, 
was prepared by melting purified 
materials under argon. Its composi- 
tion, in per cent, was: 


This analysis, except for carbon con- 
tent, is within the specified range for 
SAE 3140, which has been demon- 
strated by previous work at this labora- 
tory? to be markedly susceptible to 


Cc Mn Si Ss P, Ni 


Cr Mo N oO H 


0.003 0.80 0.020 | 0.005 | 0.002 


1.49 


0.61 0.002 | 0.0004 | 0.017 | 0.00006 
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FIG 1—Toughness vs. testing temperature curves for alloy of 


temper brittleness. 
Charpy blanks machined from the 
alloy were heat treated as follows: 


Pat SG: 
at 2100 (1150), water quench 
at 1650 ( 900), water quench 
at 675 ( 360), air cool 
at 1250 ( 675) 


10 min. 
10 min. 
30 min. 
60 min. 


Half the blanks were water-quenched 
from the final temper and half were 
furnace-cooled. The treatment pro- 
duced an austenitic grain size of ASTM 
3-2 and a microstructure which was 
entirely ferritic. 

The blanks were machined to sub- 
sized V-notched Charpy specimens 7.5 
mm square, 55 mm long, with a 45° 
V-notch 1 mm deep and having a 
lg mm radius at its base.* The speci- 
mens were tested on a standard (217 
ft-lb) impact machine, with the results 
given in Fig 1. 

_ The transition temperatures of the 
quenched and slow cooled specimens 
were —53 and —54°C, respectively, as 


_* Behavior of these specimens is compared 
with that of full-size Charpy bars in a forthcom- 
ing paper.’ 
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S.A.E. 3100 composition with 0.003 pct carbon. 


shown in Fig 1. Since these tempera- 
tures are the same within the limits of 
experimental error, the results are con- 
sistent with the view that temper 
brittleness cannot develop in the ab- 
sence of carbon and nitrogen. It may 
be pointed out, however, that two 
alternative explanations are possible. 
First, embrittlement may occur so 
slowly that furnace cooling provides 
insufficient time for appreciable embrit- 
tlement. Second, embrittlement may 
occur so rapidly that complete embrit- 
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1 References are at the end of the 
note. 


tlement develops even on the water- 
quench from the temper.? In an alloy 
of the composition used, it is considered 
unlikely that either of these alternative 
views is valid. 

It is interesting to note that the 
material used apparently does not 
quench-age, but the amounts of carbon 
and nitrogen present are sufficient to 
cause strain-aging. 

Further work is planned on the same 
composition, as well as on alloys with 
carbon and nitrogen added separately 
and together, since an alloy to which 
carbon and nitrogen are added will still 
differ from commercial steel in phos- 
phorus content. 
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Secondary Reecrystallization 
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in Copper 
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M. L. KRONBERG* and F. H. WILSON,} Member AIME 


The low temperature recrystalliza- 
tion of very heavily rolled copper pro- 
duces a fine grained structure with a 
high degree of preferred orientation. 
Additional heating to within a few 
hundred degrees of the melting point 
may induce an abrupt and pronounced 
increase in the grain size, with the re- 
sulting crystals having new orienta- 
tions. This behavior at high tempera- 
tures is commonly termed ‘secondary 
recrystallization.”’ 

Several investigations have dealt 
with the phenomenon and have served 
to bare many features of the be- 
havior.!~4 In general,observations have 
been made on the sizes and shapes of 
the grains, and data have been 
presented showing the existence of 
an induction period in isothermal 
experiments. - 

Although it has been well established 
that the orientation before the change 
is statistically (100) [001], the so-called 
“‘cubically aligned” texture, there is 
no such agreement on the orientation 
after the change. For example, Dahl 
and Pawlek! describe it as_ being 
equivalent to an approximately 30° 
rotation about the [100] axis of the 
ideal cubic texture which is parallel to 
the rolling direction, the resulting 
orientation being near (210)[001]; and 
Cook and Richards? find an orientation 
of approximately (110)[112]. 

Since the completion of most of the 
work to be reported in this paper, 
Bowles and Boas? have published their 
very illuminating paper on “secondary 
recrystallization,’’ in which they pre- 
sent convincing evidence for a third 
orientation and show that their ex- 
periments give no evidence for either 
of the other two orientations. The ori- 
entation is described as equivalent to 
an approximately 30° rotation about a 
[111] pole of the ideal cubic orientation. 

The existence of a variety of reported 
orientations is not unique for copper, 
for a similar state of affairs exists for 
other systems that have been studied— 
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aluminum, nickel, nickel-iron alloys, 
and others. It seems therefore that the 
existence of this variety does not 
necessarily constitute a contradiction, 
but rather indicates that different 
experimental conditions yield different 
results. 

The fundamental nature of the 
phenomenon has not been elucidated. 
However, it has been generally recog- 
nized that the large grains could be the 
end product of growth of a few select 
grains already existing in the sample 
in minor amounts—too small to allow 
detection—or that entirely new ones 
could be formed by a process of nu- 
cleation and growth. Existing experi- 
mental evidence does not distinguish 
between these two most apparent 
possibilities. Nevertheless, the former 
has been more generally favored largely 
because our current understanding of 
the state of an annealed metal has not 
made it seem reasonable to expect a 
nucleation event to occur at tempera- 
tures above those required for the 
primary recrystallization. 


Observations on the 
Preparation and Heating 
of Twin-bearing Cubiecally 

Aligned Copper 


The starting material used through- 
out the investigation was a bar of 
OFHC copper, forged and annealed 
at 950°C. Visual inspection showed the 
grain size to be around 0.5 mm, and did 
not disclose any preferred orientation. 
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A chemical analysis showed the follow- 
ing composition: 

Cu + Ag— 99.99 pct 

S — 0.005 pet 

O — <0.005 pet 
For the preparation of cubically 
aligned copper, 34 in. thick slabs were 
cut from the bar, heavily pickled in 
concentrated HNO; and cold rolled 
to sheets about 0.012 in. thick. The 
reduction in thickness was approxi- 
mately 98.5 pct. Standardized anneal- 
ing techniques were followed. Samples 
to be heated were lightly dusted with 
alumina in order to prevent sticking 


~and then sandwiched between 1g in. 


copper plates. The resulting sandwich 
was heavily wrapped with copper 
sheet, and then annealed in air. The 
protection was such that only very 
thin films of oxide were formed. That 
the associated light oxidation of the 
samples had no specific effect on the 
recrystallization behavior was shown 
by the similar results that could be ob- 
tained on annealing in highly purified 
and dried hydrogen. 

Two methods were used in bringing 
samples to temperature: (1) by placing 
the package directly in the furnace at 
temperature and (2) by placing the 
package in the furnace at room tem- 
perature, and then slowly increasing 
the temperature. The corresponding 
heating rates are illustrated in Fig 1, 
and will be referred to as “‘rapid”’ and 
“‘slow,’’ respectively. Unless specified 
otherwise, all anneals will be of the 
former type. 

Metallographic examination was 
made on samples prepared by electroly- 
tic polishing and etching as described 
in the Metals Handbook.* 


STRUCTURES FOUND BEFORE 
“SECONDARY RECRYSTALLIZA- 
TION’? OCCURS 


Annealing the rolled material for 1 
hr at 400°C produced a_ heavily 
twinned, cubically aligned structure, 
the grain size being of the order of 0.03 


* A.S.M. Metals Handbook, p. 901. 
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FIG 1—Rates of heating in two annealing techniques used for secondary recrystallization 
of copper. 


mm. The effect of annealing at progres- 
sively higher temperatures was to 
cause an increasing consumption of the 
twins, and a moderate increase in the 
size of the grains. With a 1 hr anneal 
at 850°C the grain size increased to 
around 0.08 mm. Fig 2 illustrates the 
microstructure of the resulting mate- 
rial. Only a light etch is needed to 
reveal the twins, whereas the individual 
cubic grains as seen in the figure are 
revealed by a heavier etch. Still heavier 
etching develops the familiar aligned 
cubic etch pits characteristic of the 
material. The effect is illustrated in 
Fig 3. , 

Fig 2 also discloses that the grain 
boundaries are generally curved, and 


that there is a wide variation in the 
angles between the boundaries. These 
conditions indicate that the equilibrium 
state of grain growth by boundary mi- 
gration has not been achieved. 

The resolution of the grain boundar- 
ies between a grain and its various 
neighbors varies considerably, some of 
the boundaries being scarcely visible 
at all. This observation leads to the 
conclusion that there is a variation in 
the extent of mismatch in the relative 
positioning of the individual crystals— 
presumably the closer the match, the 
finer the grain boundary. Apparently 
the material can be described equally 
well as a very imperfect single crystal 
or as a polycrystal having a high de- 


gree of preferred orientation. 

It has been observed that heavy roll- 
ing reductions cause the edges of the 
strip to tear and. thus to form pro- 
truding ‘‘ears.’”” When the rolling is 
completed these “‘ears’’ have under- 
gone a different kind of deformation 
from the bulk of the material, and thus 
on recrystallization do not have a well 
developed ‘‘cubic”’ texture. On the 
other hand, the grain size within such 
a region after a 400°C anneal is ap- 
proximately the same as that of the 
‘“‘cubic’”’ grains. Annealing at higher 
temperatures, however, develops larger 
grains within the ‘“‘ears,’’ and indeed 
at temperatures of around 800—900°C 
the size is several fold larger. (Fig 4). 
Thus it can be concluded that grain 
growth in cubically aligned copper is 
very sluggish because of the great 
similarity in the orientations of the 
individual grains. 


STRUCTURES RESULTING FROM 
“SECONDARY RECRYSTALLIZA- 
TION” 


Although a 1 hr anneal at 850°C re- 
sulted only in grain growth of the 
cubic grains, heating samples for longer 
times, of the order of 2 hr, at 850°C 
sometimes induced “‘secondary recrys- 
tallization,”’ thereby verifying the ex- 
istence of an induction period. In 
general, in those samples showing the 
large grains, the treatment had not 
resulted in a complete absorption of 
the cubic material. Longer annealing 


FIG 2 (left)—Structure of twin-bearing cubically aligned OFHC copper. 
Starting grain size approx. 0.5 mm, rolled 98.5 pct, annealed 1 hr at 850°C. 75 xX 


FIG 3 (right)—Cubic etch pits in cubically aligned copper. 
250 X 
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times, of the order of 4 hr, were needed 
in order to complete the absorption, 
but growth always stopped at the 
“ears.” The foreign orientations ex- 
isting in these edge fragments could 
not be absorbed even by annealing for 
4 hr at 900°C. Higher temperatures 
were needed for invasion of these areas 
and in general many of the grains re- 
sisted consumption even after anneal- 
ing for 4 hr at 1000°C. Thus it is seen 
that the cubically aligned grains are 
absorbed much more readily than 
grains of other orientations. 
Examination of numerous samples 
showing partial consumption of the 
cubic material revealed no_ specific 
tendency for growth to initiate at the 
“ears.”’ Rather, growth almost always 
started within the body of the sample 
and then spread toward the edges. 
Thus there is a pronounced tendency 
for growth to start within the cubically 
aligned grains, rather than among the 
foreign orientations existing at the 


_—édges. Fig 4 shows two illustrations of 


the transition region between residual 
cubically aligned grains and those ex- 
isting at an edge of a sample almost 
entirely converted to large crystals. 

The shape of the boundary between 
a growing large grain and the residual 
cubic ones has been observed. It is 
illustrated in Fig 5. One sees that the 
boundary is scalloped, being pointed 
toward the boundaries of the cubic 
grains. Thus growth is proceeding in 
accord with the principles of boundary 
migration.°*.° 


150 X. 
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FIG 5—Advancing boundary of a large grain. 


b 


FIG 4—Structure of the transition region between cubically aligned copper and the more 


random orientations near torn edges. 
75 X. Reduced approximately one-third in reproduction. 


Experimentation showed that for 
ultimate temperatures of 900-1000°C 
the sizes of the large grains are strongly 


influenced by the heating rate, the © 


more rapid the heating the smaller the 
grain size. For example, slow heating 
often produced grains with from 1-8 
sq in. in surface area, whereas the rapid 
heating produced grains with approxi- 
mately /.—!4 sq in. Fig 6 illustrates 
typical samples formed by the two 
heating methods. 

The illustrations show that the indi- 
vidual grains formed during “‘sec- 


to 900° 


FIG 6—‘Secondary 


bearing cubically aligned copper. 
a. Rapidly heated to 900°C + 1 hr. b. Slowly heated 
C. c. Rapidly heated to 1000°C + 1 hr. d. Slowly 
heated to 1000°C. e. Rapidly heated to 1000°C + 1 hr. 
b, d, and e are particularly illustrative of stoppage of 


ondary recrystallization”’ have a highly 
preferred orientation. Two types are 


formed: those characterized by, (a) 


prominent twin traces at approxi- 
mately 45° to the rolling direction, and 
(b) elongation parallel to the rolling 
direction and frequently showing no 
twins at all. The former are formed al- 
most exclusively if the heating rate is 
rapid through the region of 800—1000°C 
and the latter form in minor concen- 
trations if the rate is slow in this tem- 
perature region, or if rapidly heated 
samples are held at temperature in the 


b 


recrystallization” of twin- 


growth at torn edges. 34 X. 
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FIG 7—Schematic representation of grain 
shapes commonly found in rapidly heated 
samples. 


region of 850—900°C. Examples of the 
latter type are the ‘“white”’ grains at 
the upper and lower left of sample (a) 
and near the upper center of sample (b) 
in the figure. 

A careful examination of the grains 
formed by rapid heating to 1000°C 
shows a tendency for the development 


of a characteristic shape and a charac-. 


teristic positioning of the twin boundar- 
ies. It is convenient to describe the 
grains in terms of these fundamental 
characteristics, and Fig 7 illustrates the 
idealized shapes in a highly schematic 
way. The simplest shape (a) is an 
ellipse with the major axis coinciding 
with the trace of a twin boundary. In- 
deed, around 70 real crystals approxi- 
mating such a shape and composed of a 
single twin pair have been observed. 
In a more common variety (b) one of 
the twins appears as a band dividing 
the grain about equally. Careful ex- 
amination of grains with relatively 
thick bands has shown, however, that 
it is not the band which divides the 
grain, but rather one of its boundaries. 
Some of the grains (c) show additional 
twins within either or both of the com- 
ponents. Fig 8 (a and b) shows some 
particularly illustrative grains. 
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FIG 8—Elongated twinned grains found in samples rapidly heated to 1000°C. 
Rolling direction vertical. 10 x. Slightly reduced in reproduction. 


The repeated appearance of roughly 
elliptical grains containing a twin 
boundary near the center and along 
the major axis suggests that growth 
develops a twinned crystal as the first 
unit of growth and continues most 
rapidly parallel to the twin boundary. 
If it occurs by the development of a 
grain already existing in the material, 
then this starting grain would be a 
single twin pair. If it occurs by nuclea- 
tion and growth, then the nucleation 
would presumably occur at a twin 
boundary. During the growth, either 
member of the twin pair could twin on 
a parallel plane generating another 
unit of the complementary orientation, 
and both orientations could give rise 
to second generation twins on other 
(111) planes. 

There are some observations indicat- 
ing that growth initiates most readily 
at the surfaces of the samples and pro- 
ceeds most rapidly parallel to the sur- 
face. Specimens displaying the early 
stages of growth show some grains ex- 
tending over 14 in. along the surface, 
but only a few thousandths of an inch 
below the surface. Others show grains 
extending 14 in. along the surface, but 
meeting other grains growing from the 
other surface approximately half way. 

In brief summary, “‘secondary re- 
crystallization”’ occurs after an induc- 
tion period at temperatures above 
about 850°C in twin-bearing cubically 
aligned OFHC copper, the induction 
period being shorter at higher tempera- 
tures. Slow heating through the tem- 
perature range of 800-1000°C produces 
much larger crystals than rapid heat- 
ing. The latter process produces one 
kind of orientation, type (a), and the 
former produces an additional one, 
type (b), in minor concentrations. 


Type (a) always contains a_ twin 
boundary at about 45° to the rolling 
direction, whereas type (b) frequently 
is twin free. When formed by rapid 
heating, the type (a) grain is often 
approximately equally divided by a 
twin boundary and is elongated in the 
direction of the boundary. 

Growth of the large grains occurs 
readily in cubically aligned copper but 
is slowed drastically when grains of 
other orientation are met at the torn 
edges. There is no particular tendency 
for growth to initiate at the torn edges. 
The contour of the boundary of a grow- 
ing grain is in accord with the predic- 
tions of the principles of grain growth 
by boundary migration. 


CRYSTALLOGRAPHIC ORIENTA- 
TIONS RESULTING FROM 
““SECONDARY RECRYSTALLIZA- 
TION” 


Orientations of the grains result- 
ing from “‘secondary recrystallization”’ 
were determined using the back-reflec- 
tion Laue technique of Greninger.’ 
Eleven samples were used. Four were 
formed by “‘rapid’’ anneals for 1 hr 
at 900°C and seven by “‘slow”’ anneals 
at 950°C. The resulting orientations of 
both types of grains, (a) and (6), ap- 
parently were not affected by the varia- 
tion in heating rate. 

The analysis of the data showed that 
the position of the octahedral pole 
common to a twin pair (type (a) grain) 
is close to the position of one of the 
octahedral poles of the ideal ‘“‘cubic”’ 
orientation. The location of this pole 
for 52 grains is plotted in stereographic 
projection in Fig 9, in which the plane 
of projection is the plane of the copper 
strip. The distribution of poles is shown 
in relation to the 5° radius circles 
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around the [111] poles of the ideal 
“cubic” orientation. The plot is to be 
compared with Fig 10, showing a pole 
figure of the “‘cubic’’ texture plotted 
from X ray photograms of uncon- 
sumed material in one of the samples 
annealed at 900°C. For comparison, 5° 
circles are drawn around the [111] 
poles of the ideal orientation. The 
great similarity in the two distributions 
suggests that the orientations of the 
new grains may be formally related to 
those of the old by rotations around a 
[111] pole. 

The character of the indicated ro- 
tations can be investigated rather 
simply if one confines the analysis to 
those poles falling within a densely 
populated region. For this purpose, the 
area defined by the 5° circles about 
the ideal cubic position has been 
selected. The positions of the corre- 
sponding central [100] poles of the 
selected crystals are plotted in Fig 11 
after bringing their [111] poles into the 
same quadrant, and 5° circles are 
drawn to cover the most densely popu- 
lated regions. By plotting the poles of 
both twins in some cases, a total of 63 
orientations on 40 [111] poles is in- 
cluded. It is seen that nearly all the 
poles are enclosed by the circles, but 
that there is a spread of a few degrees 
in the directions of greater and lesser 
rotation. The corresponding distribu- 
tion is roughly of the form that would 
be required for a discrete, or unitary, 
rotation, that is, one involving an 
exact angular relationship between 
each grain and its parent. The poles 
within the circle would arise from 
cubic grains whose [111] poles lie within 
the defined 5° circle, and whose cen- 
tral [100] poles would lie within a 5° 
circle about the ideal position of those 
poles. In the pole figure of cubically 
aligned copper, there is an appreciable 
concentration extending several de- 
grees outside the 5° circle, and thus 
with unitary rotation the observed 
kind of spread would develop. An 
amount of rotation can be-estimated 
by the angular distance from the center 
of the plot to the centers of the 5° 
circles. It is seen that the rotations are 
opposing ones of approximately 22 and 
38°, the individual rotations corre- 
sponding to the members of a twin pair. 

With one exception, specific direc- 
tions of rotation are observed. Around 
the south-east and north-west [111] 
poles the 22 and 38° rotations are 
found to be clockwise and counter- 
clockwise respectively, and for the 
other two poles the directions are re- 
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FIG 9—The positions of the [111] poles of 52 large crystals which lie near the [111] poles 
of (100)[001]. 


+ 5° circles are centered on the [111] positions of (100)[001]. 


FIG 10—Pole figure of cubically aligned copper. 
Broken +5° circles give indication of extent of deviation from (100)[001]. 
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FIG 11—The positions of the central cube poles of 63 large crystals which are derived by 
rotation about [111]. 


Centers of + 5° circles are at indicated rotations of the center of projection about [111]. 


versed. The effect is illustrated in Fig 
9. Thus in the formal relationship 
developed, the pole figure shows a loss 
of the four-fold axis associated with 
cubic symmetry, but the planes of 
symmetry are preserved. 


Coineidenee Plot for a 22° 
Rotation 


The nature of the relationship be- 
tween the two highly preferred orienta- 
tions involved suggests that a dis- 
crete mechanism operates in the forma- 
tion of the “secondary” crystals. It 
has previously been shown that the 
primary unit of growth is probably a 
twin and that this unit forms in cubi- 
cally aligned copper which has been 
observed to contain twins. This cir- 
cumstance suggests that the twinned 
unit might be derived from a twin pair 
in the starting material by a mechanism 
which rotates the unit by a 22 or 38° 
rotation about the twinning pole. In 
order to attempt to gain an insight 
into the nature of the mechanism 
thereby suggested, it is useful to ex- 
amine the relationship between the 
crystallographic orientations, before 
and after “secondary recrystalliza- 
tion.”” Referring to Fig 12, the small 
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filled circles of net A represent the 
positions of the atoms in a (111) plane 
of the ideal cubic orientation. The 
large filled circles then represent the 
positions of the atoms in a neighboring 
layer. Net Bis derived by a 22° rotation 
of the latter net (or a 38° rotation in 
the opposite direction) about an arbi- 
trary point of this net. The positions 


of the open circles in the resulting net 
then represent the positions of the 
atoms of a (111) plane for the orienta- 
tion after “‘recrystallization.” This 
formal construction is not intended to 
imply that the orientation change 
actually occurs by means of the in- 
dicated rotational shear operation. 
Rather, it serves only to illustrate the 
relative positions of the atoms in a 
(111) plane before and after “sec- 
ondary recrystallization.” 

However, examination of the figure 
reveals several striking features. It is 
seen that 14 of the atoms of the new 
orientation are in coincidence with 
atoms of the old orientation, and the 
positions of these coincidence atoms 
define a unique equilateral net which 
is a multiple of the primitive net. 
Moreover, the remaining atoms can 
be brought onto the sites of the new 
net by a very simple movement of the 
order of 14 of an interatomic distance. 

In order to effect a three dimen- 
sional change in orientation, formally 
speaking, it is necessary to consider 
neighboring layers. The corresponding 
coincidence sites for such a layer are 
shown by small annular rings in net 
A. Fig 13 shows the completed re-ori- 
entation in detail for two layers, and in 
one section for three layers. Coinci- 
dence sites in the second layer are 
defined by triangles in this figure. The 
remainder of the structure is derived 
by a repeated stacking of such groups 
of three. 

Although it appears that the formal 
operations have produced a 22° rota- 
tion of the structure, such is not the 
case. Actually, study of the plots shows 


FIG 12—Coincidence plot showing relation between positions of 
atoms in an octahedral plane before and after a 22° rotation. 
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the new orientation to be a twin of the 
starting orientation, rotated by 22°. 
Thus in the formal conversion of a 
twinned cubic crystal to the newly 
oriented twin, each part can be de- 
scribed as being related to its parent 
as a twin rotated 22°, or as its own 
orientation rotated 38° in the opposite 
direction. 

Examination of the figure which 
shows the re-orientation for three layers 
reveals several interesting geometrical 
features. One sees that the coincidence 
positions uniquely define a multiple 
face-centered cubic lattice. All other 
original sites can be brought to 
their new positions by relatively short 
displacements. 

A fundamental characteristic of the 
cluster of atoms composed of a coinci- 
dence atom plus its nearest neighbors 
is readily discerned. An atom in a 
cubic closest packed structure is sur- 
rounded by twelve nearest neighbors, 
six “‘around the waist” in any given 

_(111) plane. three in the parallel plane 
above and three in the plane below— 
the latter six forming an octahedron 
about the central atom. For the case of 
twins, the packing of the three layers 
involying the composition plane and 
its contiguous neighbors corresponds to 
hexagonal closest packing. Thus, for a 
coincidence atom lying in the composi- 
tion plane the atoms in the two sets of 
three nearest neighbors in adjacent 
planes define a triangular prism. Con- 
sidering either case, in order to effect 
the formal orientation change under 
discussion, the six “waist’’ atoms all 
move in one direction, whereas the re- 


FIG 14—The positions of the central cube poles of 30 large crystals which are derived 


by rotation 


maining two groups of three move in 
the opposite direction. 

There are no obvious clues to a possi- 
ble origin of the type (6) crystals 
which form most readily on slow heat- 
ing. However, they exist with a very 
high degree of preferred orientation and 
there is a definite geometrical relation- 
ship between the atomic positions 


FIG 13—Coincidence plot showing relationship for two and three 
octahedral planes before and after a 22° rotation. 
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about [001]. 


before and after “‘secondary recrystal- 
lizations.” Fig 14 is a pole figure show- 
ing that the orientation can be related 
to that of the cubic by a +19° rotation 
about a [100] axis parallel to the rolling 
direction. It is significant to note 
that the degree of preferred orienta- 
tion is apparently considerably greater 
than that of the “cubic” mate- 
rial. Fig 15 illustrates the relative 
positions of the atoms before and after 
““recrystallization.”’ 


Observations on the 
Preparation and Annealing 
of Twin-free Cubically 
Aligned Copper 


In order to test whether the occur- 
rence of “‘secondary recrystallization”’ 
is dependent upon the presence of 
twins in the cubically aligned material, 
experiments were performed on ap- 
parently twin-free samples. It is known 
that the effect of a progressively di- 
minishing grain size of the material 
prior to the heavy rolling reduction is 
the development of cubic material con- 
taining correspondingly diminishing 
amounts of twins.!6 Experiments in the 
current investigation have shown that, 
for starting grain sizes of the order of 
0.01-0.1 mm, cubic material can be 
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FIG 15—Coincidence plot showing relation between positions of 
atoms in a cube plane before and after a 19° rotation. 


produced in which twins have not been 
detected by microscopic methods. 

Starting with 0.5 mm grain size 
stock, samples of the finer grain size 
were produced by repeated cold forging 
and 300°C annealing treatments. Heavy 
cold rolling reductions and subsequent 
anneals were performed as described 
for the 0.5 mm material. 

Fig 16 illustrates the kinds of sam- 
ples obtained by rapid annealing to 
1050°C. It is seen that all grains 
touch the edges of the sheet suggesting 
that growth has initiated at these 
boundaries. Careful examination of 
around 50 samples of the kind illus- 
trated has shown that all the grains 
have this characteristic. Study of the 
microstructures of the sheared and torn 
edges of sheets annealed 1 hr at 850°C, 
a treatment which develops the struc- 
ture existing just prior to “secondary 
recrystallization,’ revealed the pres- 
ence of twinned cubically aligned 
grains along with other grains of vary- 
ing orientations. By pickling the 
sheared edges of cold-rolled samples, 
regions where such grains might de- 
velop were removed and it was possible 
to obtain material apparently free of 
twins which did not undergo “‘second- 
ary recrystallization’’ even during 6 
hr anneals at 1050°C. Thus, twin-free 
cubically aligned copper does not under- 
go “secondary recrystallization”’ under 
the conditions of experimentation. 

Fig 17 illustrates the microstructure 


of the twin-free material after a 6 hr 


anneal at 1050°C, and is to be com- 
pared with Fig 2, showing the micro- 
structure of twin-bearing material 
after annealing at 850°C for 1 hr. 
Comparison shows that the grains per- 
sist in shapes characteristic of a 
nonequilibrium state of growth, dis- 
playing highly curved boundaries and 
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varying angles between boundaries. 
The deviations from equilibrium shapes 
appear to be even more pronounced in 
the twin-free material. In this con- 
nection, it has been observed that the 
processing which develops the forma- 
tion of twin-free material yields a 
markedly higher degree of preferred 
orientation than the processing which 
forms the twin-bearing material. Thus 
it would be expected that the former 
material would be the more sluggish 
in approaching the equilibrium state. 

With regard to the sheets showing 
edge growth, an extensive study of the 
orientations of the large grains has not 
been made because of the lack of 
knowledge of the orientations existing 
at the cut and torn edges. However, 
the same kinds of orientations as were 
found in the twin-bearing material 
were also found in such samples, but 


with somewhat more spread in orienta- 
tion. Several generations of twins were 
sometimes found in these grains. Also 
the type (6) rotations about a [100] 
pole are now found to occur about poles. 
parallel to both the rolling and cross- 
rolling directions, and the relative 
abundance of these orientations is 
greater than for the grains arising in 
cubic material containing twins in the 
body of the sheet. Some additional 
orientations are occasionally encoun- 
tered, but they have not been deter- 
mined to date. 

Fig 18 illustrates the shapes of 
grains grown by rapid annealing at 
1000°C for 1 hr in a sample with edges 
sheared after the rolling reduction. It 
shows that growth of several crystals 
proceeded from the shorter edges at an 
approximately constant rate, thus 
meeting in the center of the sample. 
The large grains are all of the (a) and 
(b) types, as initially described. 

Annealing at lower temperatures of 
the order of 850-900°C, a region in 
which the rates of growth are relatively 
slow, allows the development of charac- 
teristic shapes. Fig 19 illustrates the 
phenomenon, samples (a) and (b) hav- 
ing all edges sheared, and (c) and (d) 
having sheared edges parallel only to 
the cross-rolling direction. Again, all 
grains are of the (a) or (6) type in these 
samples, but some contain additional 
generations of twins. Unconsumed 
cubic material can be seen in the illus- 
tration. The existence of the charac- 
teristic shapes simply means that some 
planes are developed more readily than 
others. Previous investigators have ob- 


FIG 16—Growth from edges, annealed 1 hr at 1050°C. 


Actual size. 
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served and_ described 
-Shapes.!~4,8 

It is important to note that elaborate 
lineage-like structures have been ob- 
served in the large grains. There has 
been no opportunity to study the na- 
ture of these structures, but it seems 
probable that they will afford addi- 
tional clues to the dynamics of ‘“‘sec- 
ondary recrystallization.”’ 

The results of these experiments do 
not help particularly in determining 
whether the large grains grow in this 
kind of material from favorably ori- 
ented ones already existing at the 
edges, or by nucleation and growth of 
new ones in these regions. Nevertheless, 
the positive result that ‘‘secondary re- 
crystallization” does not occur in twin- 
free cubically aligned copper, but does 
in twin-bearing material to form 
twinned units having orientations so 
discretely and simply related to the 
parent cubic orientation is the strongest 
kind of experimental evidence in favor 
of the concept of nucleation of new 
orientations at a twin boundary in the 
cubically aligned material. 

On this basis, therefore, it would 
seem feasible to try to understand why 
a reorientation might occur at a twin 
boundary. The packing of layers in the 
face-centered cubic lattice follows the 
sequence: ABCABCABCABC ... , 
corresponding to cubic closest packing 
whereas the sequence for a twinned 
crystal is: ABCABCBACBA ..., 
in which there is a region of three 
layers corresponding to hexagonal 
closest packing: .. . BCB . . . Since 


such typical 


from 


FIG 18—Growth 
sheared edges, annealed 1 hr 
at 1000°C. 


Actual size. 
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FIG 17—Structure of twin-free cubically aligned OFHC 


copper. 
Starting grain size approx. 0.05 mm, rolled 98.5 pct, annealed 6 hr 
at 1050°C. Edges sheared and pickled before the anneal. 75 X 


copper does not crystallize in the 
hexagonal closest packed structure it 
can be concluded that the associated 
mode of packing is higher in energy 
content than that associated with 
cubic closest packing. There would, 
therefore, be an inherent tendency for 
the atoms to rearrange so as to elimi- 
nate the fault. 


: d . 
FIG 19—Growth from edges, showing characteristic shapes. Annealed 850-900°C. 


a and b. All edges sheared. c and d. Edges parallel to cross-rolling direction sheared. Actual size. 


Annealing Lightly 
Deformed Twin-free 
Cubieally Aligned Copper 


There is much current interest in 
the question of whether stacking 
faults are produced in face-centered 
cubic metals during deformation. For 
over twenty years, Mathewson has 
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FIG 20 (left)—Deformation lines in peened twin-free cubically aligned copper. 


75 X. 


FIG 21 (right)—Structure after peening and annealing. 
10 X. 


held the view that annealing twins 
probably originate in copper during 
primary recrystallization from twins, 
or twin faults as he has more recently 
described them, arising within slip 
bands, during cold work,?° and has 
presented experimental evidence show- 
ing that twins begin to form within slip 
bands during the annealing of worked 
copper. More recently Barrett has 
pointed out from structural consider- 
ations that twin faults might have 
nearly a 40 pet chance of forming dur- 
ing slip.'! Thus, if twin faults can be 
induced in twin-free cubically aligned 
copper by cold work, it might be antici- 
pated that primary recrystallization 
should produce twinned crystals of 
the same kind and orientation as are 
observed to form during “secondary 
recrystallization”’ in twin-bearing ma- 
terial. As a corrollary, the formation of 
these kinds of crystals could be taken 
as evidence for the formation of the 
faults during deformation. This inter- 
esting possibility has been subjected 
to a preliminary investigation by three 
techniques: peening, stretching, rolling. 

Twin-free cubically aligned material 
was prepared from starting stock 
having a grain size of approximately 
0.05 mm. Heavy rolling reductions 
were performed as already described, 
the edges of the resulting cold worked 
sheets were all sheared and pickled and 
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the samples were then annealed for 
1 hr at 1050°C. The microstructure of 
the kind of material thus formed has 
been illustrated by Fig 17. 

A light ball peening produces copi- 
ous deformation lines emanating from 
the peened spot and making approxi- 
mately 45° angles with respect to the 
rolling direction, as shown by Fig 20. 
Recrystallization at temperatures as 
low as 600°C induces growth of twin- 
ned crystals in the regions of these 
markings, having twin directions at 
approximately 45° to the rolling 
direction and possessing orientations 
the same as those described for ‘‘sec- 
ondary recrystallization.”’ Orientations 
of type (6) are also found. Annealing 
at higher temperatures causes these 
grains formed by “primary recrystalli- 
zation”’ to consume the remainder of 
the sample by grain growth. Fig 21 
illustrates typical crystals formed dur- 
ing a 900°C anneal. 

Annealing of samples containing 
deformation lines produced by tensile 
stretchings of the order of 5-10 pct 
yields the same kinds of results. Thus 
it is seen that both types of experi- 
ments are confirmatory and, in addi- 
tion, show that the corresponding 
“primary recrystallization’’ occurs at 
temperatures several hundreds of de- 
grees below those required for “‘secon- 
dary recrystallization” of unworked 


twin-bearing cubically aligned copper. 

Light rolling reductions of the order 
of 1-5 pct yield similar effects as illus- 
trated by Fig 22, except that in most 
samples the [111] rotations appear to 
be shifted from 22° toward a region 
around 30°, and the [100] rotations are 
shifted toward a region around 15° and 
now occur about the [100] pole that is 
normal to the sheet. The [111] poles of 
rotation and the central [100] poles of 
18 large grains which grew on anneal- 
ing lightly rolled twin-free cubically 
aligned copper are plotted in Fig 23. 
Presumably, the very close correspond- 
ence of the [111] poles to their “‘cubic”’ 
positions is simply a reflection of the 
very high degree of preferred orienta- 
tion existing in the parent material. 

The significance of this apparent 
change in the amount of rotation has 
not been evaluated. Perhaps the de- 
formation process has caused the indi- 
cated additional rotation at the site 
of nucleation. On the other hand, co- 
incidence plots very similar to those 
presented for the 22 and 38° rotations 
about [111] can be drawn for 28 and 
32°, as shown by Fig 24, and a similar 
kind of plot can be constructed for 
[100] at 16°. Thus there is an alterna- 
tive possibility that the reorientation 
of the rolled material proceeds accord- 
ing to the geometry of these new coin- 
cidence plots. 
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In this connection it is to be noted 
that in Fig 11 the spread is somewhat 
asymmetric, being greater in a clock- 
wise direction. Thus, it is possible that 
a few of the orientations might be bet- 
ter described in terms of the 28 and 
32° plots. An analysis based on con- 
siderably more data would be needed 
in order to evaluate properly this 
possibility. 

Exploratory experiments on the re- 
crystallization of more heavily rolled 
samples have revealed the very inter- 
esting finding that there is no pro- 
nounced change in the recrystalliza- 
tion orientation for deformations as 
high as approximately 35 pct, the limit 
of reduction that has been tried. It is 
interesting to note, in this connection, 
that Baldwin’? has determined the 
orientation of 45 large grains produced 
by a 540°C anneal of cubically aligned 
copper that had been reduced 22 pct 
in thickness by rolling. He found a 
very high degree of preferred orienta- 


tion which was described as: 
Rolling 


Plane Rolling Direction 


(113) Between [110] and [301] 21° from [301] 

(413) Between [301] and [211] 10° from [301] 
Examination of the data shows, how- 
ever, that the orientation can also be 
described about as well by an approxi- 
mately 30° rotation about [111]. 

On the other hand, the grain size de- 


FIG 22—Structure after light rolling and annealing cubically aligned copper. 
20 X. 


creases continuously as a function of 
increasing deformation, being of the 
order of 14 in. or more for a 5 pct re- 
duction and approximately 145 in. for 
a 35 pet reduction. At the same time, 
the density of twins increases and the 


components become increasingly thin- 


ner, giving rise to a fine lamellar struc- 
ture. It can be observed that growth in 
undeformed twin-free material (Fig 
16, 18, and 19) produces a minimum 


FIG 23—The positions of the octahedral poles of rotation and the central cube poles 


of 18 large crystals arising during annealing of lightly rolled cubically aligned copper. 
Centers of the +5° circles correspond to the 30° rotations about [111]. 
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number of twins, and therefore the sug- 
gestion arises that perhaps the forma- 
tion of twins during growth in the 
deformed material might be associated 
with twin faults produced during the 
deformation. 

The importance of the observation 
that the orientations of the grains re- 
sulting from the recrystallization of 
the rolled samples are essentially in- 
sensitive to the degree of rolling cannot 
be overemphasized, for it indicates 
the action of a fundamental, discrete 
mechanism of deformation and re- 
crystallization throughout the range 
of deformation studied. An extensive 
study of the effects of deformation on 
the recrystallization orientations and 
structures is currently being prose- 
cuted, and will be the basis of a sepa- 
rate, detailed publication. 


Considerations Concerning 
A Possible Mechanism 


The considerable evidence in favor 
of a nucleation hypothesis warrants an 
investigation of a possible mechanism 
for ‘‘secondary recrystallization.” In- 
deed, the final acceptance or rejection * 
of such an idea may well depend on 
the outcome of a detailed analysis of 
the energetics of such a process. The 
experimental data and the geometrical 
relationships derived therefrom are of 
a suitable form to allow such an in- 
vestigation. If it can be proven that 
nucleation cannot occur, then one is 
left with the apparent conclusion that 
reorientation occurs by the highly selec- 
tive growth of constituents present in 
amounts too small to be detected. As a 
beginning, it seems that the following 
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kinds of information should be given 
attention. 

The lowest energy state of an assem- 
blage of atoms in the solid state is a 
single crystal, and thus the polycrystal- 
line cubically aligned material con- 
taining twins is naturally proceeding 
in the direction of this ideal state when 
it converts into huge single crystals. 
Grain boundaries are removed and 
therefore would be the most probable 
source of the driving energy required 
for the change. On the other hand, there 
is a change in orientation altering the 
geometrical distribution of atoms ex- 
posed at the surface of the specimen 
and, if this lowers the surface tension, 
the corresponding decrease in energy 
would likewise contribute to the driv- 
ing force. The fact that the conversion 
occurs only if twin boundaries are pres- 
ent indicates that the energy associ- 
ated with the stacking fault existing 
at a twin boundary is probably in- 
volved in the activation energy, in 
part at least. Experiments indicating 
that growth initiates at a surface, where 
the atoms have the greatest freedom of 
movement and are correspondingly 
more energetic, can be interpreted to 
mean that the associated surface en- 
ergy likewise probably contributes to 
the activation energy. Other likely 
contributions could come from the 
localized statistical fluctuations in the 
distribution of thermal energy among 
the various atoms, and the distortional 
energy of imperfections such as vacant 
sites, foreign atoms, and others. 

A reasonable. picture, therefore, 
would have the most favored site of 
nucleation be the region of intersec- 
tion between a grain boundary, a twin 
boundary and the surface. A necessary 
condition to the atomic reorganization 
occurring during nucleation would be 
the disappearance of the grain bound- 
ary region involved. A disordered area 
would therefore vanish and the corre- 
sponding imperfections would be dis- 
charged at the surface. Experimental 
’ observations indicate that the twin 
boundary would be maintained, but 
would be reoriented. 

It is important to point out that a 
structurally perfect twinned crystal 
would not be expected to undergo re- 
crystallization, even though the region 
of the boundary is a place of higher 
energy than the remainder of the in- 
terior of the crystal, for this energy is 
locked up for a perfect crystal. Thus 
it is necessary to evaluate the interac- 
tion of structural imperfections, such 
as vacant sites or the disorganization 
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associated with a grain boundary, with 
this faulted region. The balance of 
forces normally maintaining the atoms 
in their faulted positions would be up- 
set by the entry of imperfections into 
the boundary region, and might there- 
fore promote the initiation of an atomic 
rearrangement in accord with the in- 
herent tendency to de-twin or remove 
the fault. Indeed, inspection of Fig 12 
and 13 shows that the nearest three 
atoms to a coincidence site in the plane 
above and in the plane below it actually 
travel in the directions of de-twinning 
sites in the formal picture, but achieve 
the equilibrium positions correspond- 
ing to the observed reorientation by 
moving only somewhat more than one- 
half the distance to a normal de-twin- 
ning site. Thus in this picture the re- 
orientation might be described as the 
end product of an abortive attempt to 
de-twin. 

It is interesting to note that the 
r.m.s. value of the amplitude of the 
thermal vibration of the atoms at the 
temperatures of the re-arrangement is 
roughtly 0.3A, which corresponds to 
approximately 14 the total distance of 
formal travel between sites. Statistical 
fluctuations are considerable and be- 
come more pronounced with increasing 
temperatures. Thus, it would be desir- 
able to evaluate the probability that 
an atom, or perhaps a few atoms, in 
cooperation with an imperfection such 
as a vacant site, might spontaneously 
execute oscillations favoring the initi- 
ation of the rearrangement. 

Presumably, a critical number of 
atoms would have to reorient in ac- 
cord with the formal cooperative 
movements indicated by the coinci- 
dence plots of Fig 12 and 13 in order 
to form a stable nucleus. Once this 
critical size is reached, the remaining 
atoms i the crystal involved in the 
nucleation would reorient rapidly by 
cooperative movements. Further in- 
crease in size would be achieved by 
boundary migration, and presumably 
would proceed readily because of the 
favorable orientation relationship. 

It seems reasonable that the induc- 
tion period observed for isothermal 
recrystallization might, in part at least, 
be essentially a reflection of the im- 
probability of the nucleation event. 
Accordingly, few nuclei would form, 
and huge grains would consequently 
be developed. The observation that 
the grain size decreases with increased 
heating rate might be interpreted as 
follows. The probability that a nucleus 
will form at any given temperature de- 


pends on the time the sample is held 
at that temperature. Thus, on slow 
heating one nucleus might form at a 
relatively low temperature and con- 
sume the entire sample before another 
nucleation event could occur. On rapid 
heating, there would not be as great a 
probability for nucleation to occur at 
so low a temperature. Rather, initial 
nucleation would occur more probably 
at a higher temperature. Since the fre- 
quency of nucleation will increase with 
temperature as a result of the increased 
amplitude of thermal vibration the 
overall result would be the formation 
of many grains. 

The significance of the experimental 
observation of specific directions of 
rotation about the individual [111] 
poles has not been evaluated, but is 
apparently an important clue to an 
understanding of the structural nature 
of the reorientation phenomenon. 

In the very important case of the 
recrystallization of the lightly de- 
formed samples of cubic material, 
there is no difficulty in understanding 
the nature of the driving force. It is 
the residual energy of cold work. Al- 
though its structural nature is not too 
well understood, it is quite possible 
that a deeper insight might result from 
continued studies of recrystallization 
utilizing the concepts of atomic rear- 
rangement as revealed in the studies of 
“secondary recrystallization.”’ 


General Application of 
Coincidence Plots to 
Secondary 
Reerystallization 


None of the orientations observed 
during the current investigation has 
corresponded with those described 
by either Dahl and Pawlek! or Cook 
and Richards.? However, the orienta- 
tion study of the latter team was on 
material prepared by a rolling re- 
duction of 85 pct, and it is known 
that such a reduction is insufficient 
to promote the kind of ‘‘secondary 
recrystallization”’ studied in the cur- 
rent investigation. 

Bowles and Boas* have reported 
rotations of approximately 30° about 
[111] on the basis of a study of 11 large 
grains produced in their experiments. 
Examination of the method of analy- 
sis employed in the evaluation of their 
data shows that the 30° figure results 
from an averaging process of all ob- 
served rotations. It seems that re- 
evaluation of the data might show it 
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to fit the 22 and 38° regions reported 
in the current study. 

One element in common with nearly 
all the reported observations of new 
orientations produced by “secondary 
recrystallization”’ in cubically aligned 
metals and alloys is that old and new 
orientations are related by rotations 
about [111] and [100] axes. It would 
seem feasible to attempt to evaluate 
the significance of the variety of 
recorded observations utilizing the 
variety of possible coincidence plots, 
although it is to be emphasized that 
very carefully acquired and analyzed 
data will be needed. For [111], there 
are plots corresponding to 28, 22, 18, 
15, 13, 1114°, etc., but there are no 
experiments indicating rotations other 
than the two discussed. For those 
values less than about 15°, the density 
of coincidence sites is relatively low 
and the corresponding plots can prob- 
ably be ignored. For [100], there are 
plots corresponding to 37, 28, 2214, 19, 
16, 14, 1214°, etc. A commonly re- 
ported rotation for both copper and 
50:50 nickel-iron alloys is approxi- 
mately 30°,4 and there is one report!’ 
of 37-38° for a 30:70 nickel-iron alloy, 
a coincidence plot for which is shown 
in Fig 25. 


Some Implications of the 
Coneept of Coincidence 
Plots 


In applying the concepts of atomic 
rearrangement suggested by the ex- 
periments on “‘secondary recrystalliza- 
tion” to the experiments on lightly 
deformed cubically aligned copper, 
the deformation was considered as a 
means for inducing faults locally com- 
parable in structure to twin boundaries. 
Nevertheless, the reorientation on an- 
nealing is fundamentally primary re- 
crystallization and suggests that this 
approach may be a good tool for the 
study of both deformation and _pri- 
mary recrystallization. If extensive ori- 
entational relationships of the nature 
described by coincidence plots are 
found between deformed and recrystal- 
lized grains, they will provide strong 
‘evidence in support of the suggested 
atomic rearrangements; and detailed 
studies of recrystallization orientations 
accordingly should make it possible to 
learn more about the fine structure of 
deformed metal. The fruitfulness of 
this field of investigation is indicated 
by some observations which appear to 
be consistent with the present con- 
cept. Further research will be necessary 
to evaluate them. . 
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FIG 24—Coincidence plot showing relation between positions 
of atoms in an octahedral plane before and after a 28° rotation. 


Although the structure of aluminum 
is based on the face centered cubic lat- 
tice it is well known that annealing 
twins are rarely formed by this metal. 
Thus, it can be predicted that a modi- 
fied picture of the deformation and re- 
crystallization processes, as developed 
for copper, should result from similar 
studies on cubically aligned aluminum. 
Exploratory experiments have shown 
that twin-free cubically aligned “high- 
purity” aluminum does not undergo 
“secondary recrystallization”’ on an- 
nealing in air at 650°C for 24 hr. On 
the other hand, recrystallization of 
lightly rolled samples produces the 
same kinds of orientations as observed 
for twin-bearing copper after “‘second- 
ary recrystallization,” with both types 
of orientations, (a) and (6), being 
found. Twinned crystals are almost en- 
tirely absent, and the rotations about 
[111] are predominantly of the 38° type. 

In this connection, it is interesting 
to note that Barrett*? has observed 
clusters of orientations of new grains 
produced by the recrystallization of 
deformed single crystals of aluminum, 
compressed so as to avoid the forma- 
tion of deformation bands. The orienta- 
tions of these clusters can be related 
with considerable success to the de- 
formation orientations by approxi- 
mately 38° rotations about the [111] 
poles. 

It was pointed out by Cook and 
Richards! that components of the 
(100)[112] rolling deformation texture 
of brass are related to components of 
the so-called (113)[112] recrystalliza- 
tion texture by a 30° rotation about a 


[111] pole near the rolling direction. It 
is possible to reproduce the pole figure, 
referred to as (113)[112] quite well by a 
22° rotation in one direction and a 38° 
rotation in the other around the same 
[111] poles of a single component of 
the deformation texture. This would, 
of course, also be true of any of the 
other metals having the same textures. 
Rotations may occur also in wires 
which have a [111] fiber axis and re- 
crystallize to the same fiber texture, as 
copper and aluminum are reported to 
do—although the rotation of each crys- 
tal would be definite in amount and 
the random distribution around the 
axis would arise from the randomness 
of distribution in the deformation 
structure. Moreover, triangular coinci- 
dence plots of the basal plane of 
hexagonal close packed metals would 
be similar to those illustrated for the 
octahedral planes of the face centered 
cubic lattice, and similar rotations 
might be expected. Thus, the retention 
of the [00.1] axis normal to the plane 
of the sheet during recrystallization of 
heavily rolled hexagonal close packed 
metals is comparable to retention of 
the [111] fiber axis in wires of face 
centered cubic metals.Likewise, worked 
material of random orientation could 
retain the randomness on recrystalliza- 
tion if each grain undergoes a rotation 
during the recrystallization. Although 
the ‘‘cubic”’ texture, having no com- 
plements, is considerably simpler than 
the deformation texture from which it 
arises, there is a component of defor- 
mation texture which is related to 
“cubic”? by a 38° rotation about [111]. 
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FIG 25—Coincidence plot showing relation between positions of 
atoms in a cube plane before and after a 37° rotation. 


The conversion of the so-called 
(113)[112] low temperature recrystal- 
lization texture of brass to (110)[{112] 
at higher temperatures!® may be a 
form of ‘“‘secondary recrystallization” 
without the development of very large 
grains. This reversion to the deforma- 
tion texture could be accomplished 
by a reversal of the rotations occurring 
during primary recrystallization. 

Dunn has observed clusters of orien- 
tations of recrystallized grains formed 
on annealing lightly deformed iron- 
silicon crystals,18-!9 and it would be 
pertinent to determine whether these 
new orientations can be related to the 
deformation orientations by means of 
coincidence plot relations. One might 
anticipate coincidence relationships on 
(110) planes, since they are the most 
densely. packed ones in the body cen- 
tered cubic lattice. 


Summary 


A formal relationship between pairs 
of orientations, which can explain ex- 
tensive apparent rotations of a struc- 
ture in terms of short, cooperative 
atomic movements, has evolved from a 
study of the orientations of the large 
grains that can be produced during the 
““secondary recrystallization”’ of twin- 
bearing cubically aligned copper. Ex- 
perimental evidence indicates that the 
large grains are formed by a process of 
nucleation and growth of new orienta- 
tions, with nucleation apparently ini- 
tiating at twin boundaries. Two types 
of orientations are found. Each can be 
related formally to the ideal cubic 
orientation by rotations about [111] 
and [100] poles, respectively. The for- 
mer always contains twins at approxi- 
mately 45° to the rolling direction. 
There are simple relationships between 
the relative positions of the atoms 
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before and after “secondary recrystal- 
lization,’’ which indicate that the re- 
orientation probably occurs by a 
cooperative movement of atoms. 

Twin-free cubically aligned copper, 
when lightly deformed by peening or 
tensile elongation, recrystallizes to 
form grains of the same kinds and 
orientations as are produced by “‘sec- 
ondary recrystallization”’ of unworked 
twin-bearing cubically aligned copper. 
This result supports the hypothesis 
that twin faults form during the de- 
formation, and participate in the re- 
crystallization of the worked material 
to form annealing twins.* 

Some speculative comments are 
made concerning a possible mechanism 
of ‘‘secondary recrystallization,” point- 
ing out the need for a_ theoretical 
analysis, and emphasizing the apparent 
necessity of considering imperfections 
in searching for the driving and activa- 
tion forces. The driving force is prob- 
ably mainly the energy associated with 
the disorganization existing at a grain 
boundary, but the differential in sur- 
face energy between the orientations 
before and after reorientation must be 
considered in addition. The activation 
energy is probably associated with a 
combination of the energies corre- 
sponding to the stacking fault existing 
at a twin boundary, imperfections such 
as vacant sites, the localized fluctua- 
tions of thermal energy amongst the 
various atoms, and the relatively loose 
binding of surface atoms. 

A detailed account is given of the 
observations made on the prepara- 


* By private communication, Dr. Robert 
Maddin of the Hammond Laboratory of Yale 
University informs us of some particularly timely 
results of his current work on the tensile elonga- 
tion and subsequent annealing of single crystals 
of alpha brass. After recrystallization, twinned 
crystals are found whose orientations can be 
related to the parent orientation by opposing 
rotations of approximately 22 and 38° about a 
[111] pole. 
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copper, and a description is given 
of the sizes, shapes and _ orienta- 
tions of grains formed by “secondary 
recrystallization.”’ 

Some implications of the results of 
the ‘secondary recrystallization ” stud- 
ies are discussed as they might be re-~ 
lated to recrystallization phenomena in 
general. 
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Introduction 


The gas-metal reactions of zir- 
conium are very interesting. The metal 
is extremely stable at room tempera- 
ture to reactions with the several gases 
present in air and the metal will stay 
bright indefinitely. However, at tem- 
peratures of several hundred degrees 
higher the metal reacts readily with 
oxygen, nitrogen and hydrogen. This 
behavior, in addition to the fact that 
zirconium is one of the higher melting 
point metals which might have high 
temperature applications under the 
proper conditions, resulted in the work 
reported in this communication. 

There are several factors which indi- 
cate-that zirconium might have good 
oxidation resistance at elevated tem- 
peratures. These are: (1) the high 
melting point of approximately 1860°C, 
(2) the high melting point of the oxide 
of approximately 2675°C, (3) the high 
degree of thermodynamic stability of 
the oxide to chemical reaction and the 
low decomposition pressure of the 
oxide and (4) the possible formation 
of a continuous oxide film since the 
volume ratio of oxide to metal is 
greater than unity. The unfavorable 
factors are: (1) the metal reacts to 
form nitrides, hydrides and carbides, 
(2) the oxide is soluble at elevated 
temperatures in the metal and (3) the 
oxide ZrO», undergoes crystal structure 
transformations at high temperature. 

The oxidation resistance of this 
metal is not only a question of the 
rate of film formation but is compli- 
cated by the fact that the oxide and 
other reaction products dissolve in the 
metal which in turn will affect the 
physical and mechanical properties of 
the metal. 

The protection of the metal to 
nitride formation must be considered 
separately from the oxide problem. 
One unfavorable factor is that the 
volume ratio of the nitride to the 
metal is about unity. This indicates 
that a discontinuous film might be 
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formed. This paper will present meas- 
urements on the rates of reaction of the 
metal with Os, H, and N» over a wide 
temperature and pressure range. The 
reaction in high vacuum and the 
stability of the several compounds 
formed will be presented. The results 
are correlated with fundamental rate 
theory and with the physical and 
chemical structure of the metal and 
film. 


Literature 


Although many papers have been 
published on the chemical reactions of 
zirconium with various gases, com- 
paratively few are concerned with the 
protective nature of the metal and its 


_reactions at normal pressures. The 


studies in the pressure range below 
0.01 mm of Hg gas pressure are largely 
of interest in the nature of the adsorp- 
tion of gases by hot filaments in high 
yacuum apparatus. The reactions of 
zirconium in this pressure range have 
been reviewed by Fast® and by 
Raynor.?? In spite of certain differences 
of opinion as to the maximum adsorp- 
tion temperatures for various gases, 
the low pressure range is qualitatively 
understood. Some of these papers will 
be mentioned briefly here. 


1. LOW PRESSURE 


Ehrke and Slack’ find that oxygen 
reacts above 885°C and _ hydrogen 
above 760°C. Nitrogen does not react 
up to a temperature of 1527°C. Fast® 
on the other hand observes that oxygen 
is absorbed above 700°C and nitrogen 
at temperatures exceeding 1000°C. 
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Hydrogen is absorbed from 300° to 
400°C and liberated between 500° and 
800°C. It is readsorbed at 862°C. and 
released above 862°C. 

Hukagawa and Nambo”? find a 
rather’ complicated picture for the 
absorption of oxygen. A rapid initial 
absorption is found between 180° to 
230°C. Further oxygen is not taken 
up until a temperature of 450°C is 
reached. The optimum temperature 
for complete absorption is 650° to 
700°C. Nitrogen is found to be com- 
pletely adsorbed at 600°C. However 
some of the gas is evolved at higher 
temperatures. Their data on the 
absorption of hydrogen indicate some 
of the gas is removed at 550°C. 

Guldner and Wooten! in a study 
of the low pressure reactions of zir- 
conium with various gases observed 
that the reaction with oxygen occurs 
at temperatures above 400°C and that 
the oxide is formed. The reactions with 
carbon monoxide and carbon dioxide 
occur rapidly at temperatures of about 
800°C with the oxide and carbide being 
formed. Zirconium reacts at tempera- 
tures of 400°C slowly and at 800°C 
rapidly to form the nitride and with 
hydrogen and water at 300°C to form 
the hydride and a mixture of the oxide 
and hydride respectively. 


2. NORMAL PRESSURE 


DeBoer and Fast? in a study of the 
electrolysis of oxygen in zirconium find 
that the metal absorbs up to 40 at. pet 
of oxygen without forming a new phase. 
The solubility of nitrogen in the lattice 
has been studied by de Boer and Fast4 
and Fast!° and is found to be con- 
siderable. At higher temperatures the 
oxide dissolves in the lattice at an 
appreciable rate according to Fast!° 
and the zirconium surface becomes 
active. 

De Boer and Fast‘ and Hagg!® have 
studied the solubility of hydrogen 
and find that at room temperature 
the solubility corresponds to ZrHy.95. 
Desorption occurs on lowering the 
pressure. Hydrogen is stated to be 
more soluble in the 6-form and the 
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FIG 1—Equilibrium calculations on Zr reactions. 


transition between the a and 6 forms 
occurs at 865°C. 

Hall, Martin and Rees!® have studied 
the solubility of hydrogen in zirconium 
and Zr-O solid solutions at tempera- 
tures up to 1000°C and at pressures of 
1 to 760 mm of Hg. The hydrogen 
desorbed on lowering the pressure. 


3. CRYSTAL STRUCTURE 


The crystal structures of the oxide 
films formed on zirconium at tempera- 
tures from 300° to 600°C using the elec- 
tron diffraction method have been 
studied by Hickman and Gulbransen.”! 
The monoclinic form of ZrO. was ob- 
served over the temperature range. 
ZrOzis reported to exist in at least three 
crystalline modifications: monoclinic,?° 
cubic’ and tetragonal?’ from X ray 
diffraction studies. Kelley and _ co- 
workers” from a specific heat study of 
the oxide ZrO, have shown the exist- 
ence of an (a) and a (@) form with a 
transition at 1205°C. 

Zirconium forms a nitride ZrN hay- 
ing a cubic lattice of the sodium 
chloride type.? The reaction with hy- 
drogen has been studied by Hagg.!8 
Several phases are observed. Hydrogen 
is adsorbed up to 5 pct in the hexagonal 
close packed lattice without an appreci- 
able change in lattice parameters. The 
lattice constants of the solid solutions 
of oxygen and nitrogen have been given 
by Fast.8 


4, STABILITY 


The stability of the several oxides of 
zirconium has been studied by Cohn 
and Tolksdorf.' They found the mono- 
clinic modification to be stable to 
1000°C and the tetragonal modification 
above 1000°C. The latter may be cooled 
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to room temperature. After long heat- 
ing above 1900°C a trigonal modifica- 
tion was found to form. When cooled a 
transition occurs at 625°C. 


5. EQUILIBRIUM CALCULATIONS 
ON THE REACTION OF ZIRCONIUM 
WITH SEVERAL GASES 


Zirconium reacts with most of the 
common gases to form stable com- 
pounds with the exception of the inert 
gases. The chemical equilibrium of 
these reactions may be evaluated for 
reactions in which the end products 
are ZrO., ZrN or ZrC. Data are not 
available on the reaction with hydrogen. 

The following reactions of zirconium 
with Oo, H.O, COx, CO and Nz can be 
evaluated from thermodynamic data: 

1. Zr(s) + O2(g) = ZrO.(s) 
2. 2 Zr(s) + CO.(g) 

= ZrO.(s) + ZrC(s) 
3. 3 Zr(s) + 2 COG) 

2ZrO.(s) + 2 ZrC(s) 
4. Zr(s) + 14 Nog) 

= ZrN(s) 
5. Zrfs) + 2 CO.(g) 

= ZrO,(s) + 2 CO(g) 
6. Zr(s) + 2 H.O(g) 

= ZrO,(s) + 2 H2(g) 

The letters (s) and (g) refer to the 
solid and gaseous states respectively. 

The free energy of formation of ZrO» 
(a) and ZrO, (8) is calculated from the 
data given by Thompson*! and using 
the recent data of the Pacific Experi- 
ment Station of the Bureau of Mines?% 
on the entropy of ZrO, (a) and the heat 
content of ZrO». (@) and ZrO, (8).-The 
free energy of formation of ZrC is cal- 
culated from an equation given by 
Kelley.?’ This equation is open to some 
question and may involve a maximum 
error of +2 in the logarithm of the 
pressures calculated for the reactions 


in which ZrC is involved. The results of 
the calculations are shown in Fig 1. 
The logarithm of the gas pressure or 
pressure ratios are plotted against the 
temperature in °C for the several 
reactions. 

The results show the following: (1) 
ZrO2, ZrN and ZrC are stable at all 
temperatures shown in the graph and 
zirconium from a thermodynamic point 
of view will remove Ov, Ne, CO and 
CO, at the lowest pressures used in 
modern vacuum technology, (2) the 
reactions of water and carbon dioxide 
to form the oxide and hydrogen and 
carbon monoxide respectively are possi- 
ble below 1100°C in vacua of the order 
of 10-7 mm of Hg. 


Apparatus 


BALANCE 


The microbalance with its auxiliary 
apparatus is similar to that previously 
described.!2:!3 The sensitivity of the 
balance is 0.86 divisions (0.001 cm) per 
microgram and the weight change can 
be estimated to 0.3 X 10-§ g. The bal- 
ance zero point is constant and the in- 
strument is insensitive to pressure and 
to small changes in the temperature of 
the surroundings. 


VACUUM SYSTEM 


The vacuum system has been 
changed from that previously de- 
scribed.!2 The length of the glass tubing 
connecting the several parts of the ap- 
paratus has been decreased and the 
diameter increased to a minimum of 
one inch. In addition, a high speed 
single jet mercury diffusion pump of 
the Illinois design has been added to 
increase the pumping speed at the out- 
let of the pumps by a factor of ten. 
The Illinois pump is backed by a two 
jet Princeton type of mercury diffusion 
pump and a Cenco Hyvac fore pump. 
No grease, wax, cement or metal seals 
are used in the system. 


FURNACE TUBES 


Previous to this work we have used 
pyrex, Vycor and quartz tubing for the 
construction of the furnace vessel. For 
higher temperatures and better vacuum 
conditions we have recently found syn- 
thetic mullite or zircon to be very 
valuable materials for the construction 
of furnace vessels. These materials are 
vacuum tight when properly made and 
can be sealed directly to pyrex. This 
feature allows double walled furnace 
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_ vessels to be constructed in which the 
outer tube serves as a_ protecting 
vacuum. 

McLeod gauge pressures of 10-§ mm 
or lower can be achieved with these 
vessels at temperatures of 1175°C and 
perhaps higher. Leak rate measure- 
ments with the McLeod gauge on these 
furnace tubes show values as low as 
1.4 X 10-9 mm liters per sec. after 
pumping over night at 900°C. We do 
not infer that such readings represent 
conditions in the furnace vessel itself 
since a cold trap is used on the system. 

The determination of the pressure in 
the furnace tube is a difficult problem 
and any apparatus for such a task must 
be incorporated in the tube itself. This 
problem will be discussed in a later 
communication. For chemical and 
metallurgical purposes the chemical 
reactivity of the furnace atmosphere is 
of more importance than the absolute 
value of the pressure. This can be 
measured by observing the reaction 
rate of an active metal such as zir- 
conium in the furnace tube itself. 


GAS PURIFICATION 


The purification of the oxygen and 
hydrogen are the same as previously 
described.!2 The nitrogen is purified by 
passing the tank gas over hot copper 
turnings at 400°C and removing water 
vapor by passing over Ba(ClO,)>. The 
gas is next passed over palladium 
asbestos at 400°C and then through 
another column of Ba(ClO.): and 
ascarite. It is finally passed over a 
liquid nitrogen trap at 0.1 atmosphere 
pressure. 


SAMPLES 


The specimens of zirconium are cut 
from a five mil sheet of the metal ob- 
tained from the Foote Mineral Co. No 
accurate analytical data are available 
on the material. However, the supplier 
states that it contains approximately 
3.0 pet hafnium and about 0.04 pct 
iron. We are indebted to Mr. W. C. 
Lilliendahl of our Bloomfield Works for 
_ furnishing additional information on 
the presence of carbon, nitrogen and 
oxygen in zirconium samples. Several 
samples of 0.05 in. drawn wire have 
shown the following analysis: carbon 
0.01-0.05 pct; nitrogen 0.01 pct; and 
oxygen 0.02-0.04 pct. 

The specimens weigh 0.6840 g and 
have a surface area of about 15 cm’. 
Most of the samples were abraded 
starting with No. 1 grit and finishing 
with 4/0 paper. The last stage of the 
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FIG 2—Reaction Zr in vacua-zircon furnace tube 900°C. 


abrading is carried out under purified 
kerosene. 


Results and Diseussion 


HIGH VACUUM REACTION 


A consideration of the high vacuum 
reactions of the metal under investiga- 
tion is essential if a film free metal is 
desired at the start of the experiment. 
For most metals this can be achieved 
by heating the metal to the reaction 
temperature in a vacuum of the order 
of 10-§ mm of Hg and then reducing 
the film initially present with pure 
hydrogen. 

The problem of preparing and keep- 
ing an active metal such as zirconium 
in a film free condition is practically 
impossible. Zirconium not only acts as 
a getter but the oxide ZrO, is not 
reduced by hydrogen or other reducing 
gases. Since the oxide is soluble in the 
metal at high temperatures, the oxide 
film may be removed by heating. How- 
ever, on cooling, a film will again form 
in the vacuum. This procedure results 
also in the addition of oxide and other 
impurities to the metal. 

Since the oxides are not reducible we 
have adopted the use of abraded speci- 
mens. Every effort is made to keep the 
films formed during abrasion to a mini- 
mum. On heating the specimen in 
vacuum to the reaction temperature an 
additional film forms. With many 
metals this film is only several atomic 
layers thick. However, zirconium forms 
an unprotective film and the film forms 
continuously in the best vacuums that 
we have been able to obtain. 

It is of interest to show the extent of 
the vacuum reaction of zirconium in a 
furnace tube made from zircon or 
mullite. The furnace tube consists of 
two concentric tubes closed at one end 
and sealed at the other end to pyrex. 


The space between the concentric tubes 
is evacuated. Fig 2 shows the results of 
heating a zirconium specimen. The 
weight gain is given in scale divisions 
(1 division = 1.2 micrograms). Two 
curves are shown for a temperature of 
900°C and for a McLeod gauge pressure 
of 1 X 10-® mm of Hg or lower. The 
weight gain of a sample of zirconium 
suspended in the furnace tube is plotted 
against the time in minutes. The first 
curve shows the reaction rate after one 
hour of pumping time. A reaction rate 
of 0.2 divisions per min. is observed. 
This corresponds to 0.016 micrograms 
per cm? per min. or about 1A of ZrO» 
per min. assuming a surface roughness 
ratio of unity. The second curve shows 
the reaction rate after 15 hr of pump- 
ing. A reaction rate of 0.04 divisions 
per min. is observed which corresponds 
to 0.0032 micrograms per cm? per min. 
or 0.2A per min. The calculations on 
thickness are based on the assumption 
that the film is composed largely of 
ZrO . 

We are interested also in the nature 
of the reaction at temperatures below 
425°C. and for practical pumping times 
of up to one hour. These are the condi- 
tions that we use in our rate studies. 
Experiments indicate that the maxi- 
mum film formation observed is of the 
order of 0.70 micrograms per cm? for 
one hour of reaction at 425°C. If this is 
assumed to be ZrO», a maximum thick- 
ness of 43A may be formed. In most of 
our measurements the vacuum formed 
film will be a fraction of this value. 


REACTION WITH OXYGEN 


The reaction is studied as a function 
of the time, temperature, pressure and 
surface treatment. The results are pre- 
sented in Fig 3, 4, 5, 6 and 7. The 
weight gain in micrograms per cm? is 
plotted against the time in minutes. 
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FIG 3—Reaction Zr with O» 7.6 cm. Effect of temperature 200-425°. 


Assuming the ratio of real area to 
measured area to be unity (P = 1) and 
the oxide film to be ZrO:,”! the thick- 
ness of the oxide film in Angstroms is 
61.5 times the weight gain in micro- 
grams per cm. Unless specifically men- 
tioned the samples are abraded. 


Time 


Several experiments are made at 7.6 
cm pressure and at 375°C to check the 


method and the reproducibility of the © 


surface preparation. The results on the 
oxygen reaction can be duplicated 
within several percent. One run is ex- 
tended for 7 hr but no additional infor- 
mation is obtained over the 2 hr 
experiments. 

The shapes of the oxidation curves 
are similar to those observed for other 
metals.15 A fast reaction rate is ob- 
served in the early stages of the reac- 
tion which gradually decreases as the 
film thickens. In this sense the oxide 
film may be said to have protective 
properties. 


Time and Temperature 


Fig 3 shows the effect of temperature 
on the reaction for the range of 200° to 
425°C. At the right of the curves is 
shown the weight gain corresponding 
to a thickness of 1000A. A comparison 
of the 200°C curve with the 425°C 
curve after 2 br of reaction shows a 
film thickness of 150A at 200°C and a 
thickness of 5000A at 425°C. 


Time and Temperature Equations 


Three equations have been used to 
explain the time variation of the oxida- 
tion rate. The parabolic rate law was 
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FIG 4—Reaction Zr with O» 7.6 cm. Parabolic rate constant 


first derived by Pilling and Bedworth”é 
on the basis of diffusion of oxygen 
through the oxide lattice. It has been 
derived more recently by Wagner and 
Grinewald* and by Mott.?4 The equa- 
tion is 


W*=kKt+C 


Here W is the weight gain, ¢ is the time 
and K and C are constants. Mott?5 has 
recently modified the parabolic law to 
account for the presence of a potential 
due to oxygen ions on the surface. The 
field resulting from this potential is 
greatest for thin films and becomes 
small for thick films. 

The logarithmic rate law has been 
derived by Tammann and Késter.*° 
This equation states that 


t= B (ew/* = J) 


Here a and 8 are constants. The physi- 
cal basis for this rate law has not been 
well established although Wagner*4 has 
recently derived the law from physical 
considerations. 

The linear rate law is 
equation 


given by the 


W=KkKi+G 


This equation states that the reaction 
rate is independent of film thickness 
and the limiting factor in the reac- 
tion rate is not a simple diffusion 
mechanism. 


vs. 1/T. 


Dunn‘ first applied the Arrhenius 
equation to the temperature coefficient 
of oxidation rate measurements. The 
Arrhenius equation as applied here 
states that 

K = AeQ/kT 


Here K is the parabolic reaction rate 
constant, Q the activation energy and 
A is a constant. 

Mott?4 has considered the physical 
interpretation of Q for the case where 
ions and electrons are diffusing through 
the oxide to react with oxygen at the 
gas interface. 

One of the authors!* has applied the 
transition state theory of chemical 
reactions and diffusion processes as 
developed by Eyring and coworkers" 
to the oxidation reaction. The para- 
bolic rate law constant K is given by 
the following equation: 

2kT 


Sistas 


\2eAS*/Re-E/RT™ 


Here AS* is the entropy of activation 
and E the energy of activation. \ is 
the interatomic distance between dif- 
fusional states, k is Boltzman’s con- 
stant and h is Planck’s constant. This 
equation is useful since both AS* and 
E can be calculated. AS* is the proba- 
bility or steric factor of the particular 
barrier limiting the reaction. 
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Time and Temperature Correlation 


The applicability of the parabolic 
and logarithmic rate laws can be tested 
by plotting the square of the weight 
gain against time in the former case 
and the weight gain against the loga- 
rithm of the time in the latter case. A 
Straight line would show that the law 
is obeyed. 

Parabolic plots are made of the data. 
Although some deviations are observed 
from a straight line during the initial 
stages of the reaction, there appears a 
trend to approach a straight line for 
the longer periods of the reaction. 

Plots of the weight gain against the 
logarithm of the time show smooth 
curves of increasing slope. The loga- 
rithmic rate law does not apply for this 
reaction over the complete time and 
temperature range studied. 

The linear rate law is not found to fit 
the data as can be seen by an examina- 
tion of Fig 3. 

It is necessary to conclude that none 
of the simple rate laws suggested ade- 
quately explains the data. The mod- 
ification of the parabolic rate law as 
suggested by Mott is useful since it pre- 
dicts the sign of the deviation as well as 
the general shape. However, the theory 
has not been developed in sufficient 
detail to apply to the data. 


Temperature Dependence ~ 


The temperature coefficient of the 
reaction rate is a very useful quantity 
to evaluate. If the reaction rate can be 
related to a mechanism an energy of 
activation may be calculated for the 
process. If the theory or mechanism is 
unknown it is possible to show the 
thickness or time dependence of the 
temperature coefficient. Assuming that 
one mechanism has a constant tem- 
perature coefficient it may be possible 
to show whether one or more than one 
mechanism is responsible for the reac- 
tion. We will use both points of view in 
the discussion that follows. 

1. Energy and Entropy of Activation. 
Fig 4 shows the parabolic rate law con- 


1 
stant K plotted against T The tem- 


perature range is from 200°-425°C. The 
limiting slopes at long times are used 
where the data deviate in the earlier 
stages of the reaction from the straight 
line. 

The energy of activation of the rate 
determining process is calculated from 
the plot. A value of 18,200 cal per mol 
is found. The temperature independent 
factor e4S*/2 is calculated from the 
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Table 1... Parabolic Rate Constants and Diffusion Constants, Entropies, 
Energies and Free Energies of Activation, for the Oxidation Process 


i AS* E — TAS* AF* 
cE K, cm? per sec Do, cm? per sec. Cal per Cal per Cal per ses 
mol per °C mol mol mol 
200 0.0391 X 10714 4.92 X 1078 —24.6 18,200 11,650 
225 0.0633 X 10-14 3.10 X 10-8 —25.6 18,200 12,750 30080 
258 0.311 xX 10714 4.94 X 1078 —24.8 18,200 13,200 31,400 
275 1.413 xX 10-14 12.6 X 1078 =o: 18,200 12,660 30,860 
300 DGian XX 10514 8.35 X 1078 —24.0 18,200 13,750 31,950 
325 2.50 XX 10714 5.6 XX 1078 —24.8 18,200 14,800 33,000 
350 4.28 X 10714 333) = aL ORS — 29.1 18,200 15,600 33,800 
375 8.26 XxX 10714 Dal all Ome —25.0 18,200 16,200 34,400 
400 Us720e X 10=14 5.36 X 1078 = 25'.2 18,200 17,000 35,200 
425 22.15 xX 10714 5.55 X 1078 = 25.2 18,200 17,600 35,800 
ee ae ee 
e 
Table 2. . . Summary of Data Temperature Effect 
dw,. ‘ 
“qr (micrograms per cm? per min) = 7.6 cm O2 
iG no KG alt x 103 ‘ 
7 ¢ 
At the Following Thicknesses (micrograms per cm2) 
10 20 30 40 50 60 
300 573 1.7542 0.280 
325 578 1.6722 0.445 0.113 
350 623 1.6051 1.46 0.345 0.156 
375 648 1.5432 1.10 0.459 0.173 0.125 0.0782 
400 673 1.4859 1.79 1.03 0.382 0.272 0.179 
425 698 1.4327 5.91 1.97 1.08 0.555 0.418 


parabolic rate law constant as ex- 
pressed by the transition state theory. 
The equations for the parabolic rate 
law constant K and the diffusion con- 
stant Do are as follows 


IK = ae \2¢eAS*/Re-E/RT 
K 
Do = 20 —B/RT 


The significance of the terms has been 
previously discussed. The parabolic 
rate law constants vary from 0.0391 
xX 10-14 cm? per sec at 200°C to 
22.15 X 10-14 cm? per sec at 425°C. In 
terms of Angstroms of film thickness, 
the above rates correspond to 2 A per 
sec at 200°C to 50 A per sec at 425°C. 

Table 1 shows the values for the 
parabolic rate law constants and dif- 
fusion constants and the entropies, 
energies and free energies of activation 
of the rate determining process. The K 
values are connected to thickness by 
the use of the density of the oxide and 
the stoichiometric ratio of oxygen in 
the oxide. A surface roughness ratio 
P of 1 is assumed. 

The energy of activation 18,200 cal 
per mol is lower than that observed for 
several other metals previously stud- 
ied. The entropies of activation are 
negative and are close to those ob- 
served for the oxidation reactions on 
iron and aluminum. AS* is a measure 
of the (frequency factor) or the proba- 
bility of an ion with a definite energy 
getting through the lattice. For most 
metals AS* is negative although tung- 
sten and molybdenum show positive 


values. The free energy of activation is 
made up of the energy of activation E 
and the term TAS*. The sign and mag- 
nitude of the term TAS* thus deter- 
mines whether the effective barrier 
AF* is increased or decreased by the 
steric factor. The values of AF* for the 
oxidation of zirconium vary from 
29,850 to 35,800 cal per mol. These are 
somewhat lower than those observed 
for other metals at 400°C, for example, 
the AF* for the oxidation of zirconium 
is 35,200 cal per mol while the following 
values are obtained for iron, tungsten, 
molybdenum and aluminum respec- 
tively: 39,150, 37,700, 36,260 and 
39,900 cal per mol. 

2. Temperature Coefficient as a Func- 
tion of Film Thickness: The data shown 
in Fig 3 are plotted on a large scale and 
a smooth curve drawn through the 
points. The slopes of these curves 


ay are determined for film thick- 


nesses of 10, 20, 30, 40, 50 and 60 
micrograms per cm? by Lagrange’s for- 
mula for determining slopes at a given 
point. These slopes are tabulated in 
Table 2 at the same film thickness as a 
function of the temperature. Fig 5 
shows the slopes plotted on a loga- 


1 
rithmic graph as a function of 7 A 


series of straight lines of approximately 
the same slope are observed. This 
result indicates an approximately con- 
stant temperature coefficient over a 
wide thickness range. This suggests 
that one mechanism may be responsible 
for the reaction. 
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FIG 5—Oxidation rate vs. temperature at film thickness of 
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Pressure Effect 


The effect of pressure on the reaction 
at 375°C is shown in Table 3 and in 
Fig 6. The pressure is varied by a factor 
of 100 from 7.6 cm to 0.076 cm of oxy- 
gen. The effect is largest for the thin 
film range and decreases with increas- 
ing film thickness. No simple relation- 
ship with the pressure has been 
determined. 


Effect of Abrasion 


Fig 7 shows a comparison of the reac- 
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FIG 6—Reaction Zr with O2 375°C. Effect of pressure. 
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tion of an abraded sample and an un- 
abraded sample. The abraded sample 
oxidizes more rapidly than the un- 
abraded sample. The effect may be re- 
lated to one or more of the following 


factors: (1) increased surface area, (2) 


removal of initial oxide film, and (3) 
change in the size and state of the sur- 
face crystals. 


REACTION WITH NITROGEN 


In this section the reactions of zir- 
conium with purified lamp grade of 
nitrogen are studied in detail as a 


Table 3... Summary of Data 
Pressure Effect 
ay (micrograms per cm? per min) 
Pressure 1S BSS 
Atmos- 
pheres 
At the Following Thicknesses 
(Micrograms per cm?) 
0 10 20 30 40 
OF U5 Deo eD alhedindl 0.46 | 0.24 
0.01 140.1543 333) 02 O35 20a Le 
0.001 8:6) 1536 0082) ON 3104210220 


function of time, temperature and 
pressure and a comparison of two gas 
sources is used to show the strong effect 
of impurities. The results are shown in 
Fig 8-11 and discussed in the following 
subsections. In all of the figures the 
weight gain in micrograms per cm? 
is plotted against the time and where 
necessary the temperature is given at 
the top of the graph. 

1. Purity of Nitrogen: A study of the 
reaction of nitrogen with zirconium 
presented the problem of obtaining a 
sufficiently pure gas to make the reac- 
tion with impurities a small part of the 
nitrogen reaction. To show this effect 
we can compare the results of the reac- 
tion using purified commercial nitrogen 
and purified lamp grade of nitrogen. 
The time course of the reaction of the 
purified commercial nitrogen at 350°C 
is identical with the reaction using the 
purified lamp grade of nitrogen at 
700°C. 

Mass spectrometer analysis of the 
gases showed the presence of 0.3 pct 
oxygen in the commercial gas source 
before purification. The lamp grade of 
nitrogen shows 0.01 pct. The gas analy- 
ses are not complete since hydrogen is 
not determined at low concentrations 
by our mass spectrometer. 

It is of interest to note that colored 
films are formed using the purified com- 
mercial nitrogen while no films are ob- 
served in the experiments at the higher 
temperatures using the purified lamp 
grade of nitrogen. Electron diffraction 
studies show the outer layers of the 
colored films to be the monoclinic 
form of ZrO» while no diffraction pat- 
terns were obtainable with the higher 
temperature experiments using lamp 
grade of nitrogen. We do not conclude 
that no oxide or hydride is formed with 
the purified lamp grade of nitrogen but 
rather that the reaction rate is so slow 
that one has to use a higher tempera- 
ture to observe an appreciable reaction. 
The temperatures used in the nitride 
study are in general above the decom- 
position temperature of the hydride. 
At temperatures above 500°C both the 
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nitride and oxide appear to be soluble 
‘in the metal and colored films would 
not be expected to be observed. 

The stability of the nitride to vacua 
of the order of 10-* mm of Hg has been 
tested experimentally. The reaction 
products formed with purified nitrogen 
at 750°C are stable to temperatures of 
at least 900°C. However, if the reaction 
products formed with purified com- 
mercial nitrogen at 425°C are heated, 
part of the product decomposes. at 
490°C. This may indicate the presence 
of a nitride of low stability or a hy- 
dride. The decomposition of the hy- 
dride occurs at about this temperature. 

These experiments show: (1) that 
impurities of oxygen and hydrogen are 
very important in determining the rate 
of reaction and (2) that purified lamp 
grade of nitrogen is a rather pure 
source of nitrogen. 

2. Time and Temperature: The time 
behavior of the nitride reaction for 
several temperatures from 400° to 
825°C is shown in Fig 8. In all of the 
experiments the reaction rate decreases 
as the film thickens. The effect. of tem- 
perature on the reaction rate is quite 
uniform. 

The shape of the weight gain curves 
indicates that a parabolic rate law may 
agree empirically with the data. Fig 9 
shows a plot of the weight gain squared 
against the time for the nitriding reac- 
tion at 750°C. The agreement is very 
good even for very small amounts of 
reaction. The agreement with the para- 
bolic law at other temperatures. is 
tested and except for the 400° and 
500°C experiments is found to be good. 
At the lower temperatures deviations 
are observed for the initial stages of the 
reaction. 

Although the data may obey the 
parabolic rate law the mechanism of 
the reaction may be quite different 
from the oxidation reaction since the 
nitride is soluble in the metal at these 
temperatures. — 

If we consider that the diffusion of 
ionic species through the surface film 
and surface interface reactions is not 
limiting the reaction it is possible to 
apply the results of diffusion theory to 
the reaction. 

Van Liempt®? has considered the 
problem of the degassing of metals and 
he has by the aid of an approximation 
method obtained a solution to the prob- 
lem. His equation is 


8 , [Di 
g/d = § v2 
Here Q is the quantity of gas evolved 
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FIG 8—Reaction Zr with pure No-—7.6 cm. Effect of temperature. 


or taken up at any time 7, Qo is the 
original quantity of gas in the metal 
and D is the diffusion coefficient. This 
expression can be reduced to the para- 
bolic law, 

W/Wo=KVt 

In the van Liempt expression the 
ouly term that depends upon the tem- 
perature is D. Since the data fit the 
parabolic rate law it is of interest to 
evaluate the temperature dependence 
and relate this to the energy of activa- 
tion E for the diffusion process. 

Table 4 shows the values of the para- 
bolic rate law constants for the tem- 
perature range of 400° to 825°C. Fig 10 
shows a logarithmic plot of the para- 


1 
bolic rate law constant against T A 


straight line is found for the tempera- 
ture range of 600° to 825°C. Below 
600°C the data fall away from a 
straight line. An energy of activation of 
39,200 cal per mol is calculated. 

3. Pressure: Fig 11 shows the effect 
of pressure on the time course of reac- 
tion with purified lamp grade nitrogen 
at a temperature of 750°C. The rate of 


Table 


4... Reaction Zirconium 


with Nitrogen 7.6 Cm 


Parabolic Rate Law Constanis 


iG T°K |1/T X 108] K(g per cm?)2 
per sec 
400 673 1.4859 2.082 K 10715 
500 tis 1.2935 1.835 XK 107-1 
600 873 1.1453 TT KAO 
700 973 1.0276 6.85 xX 1074 
750 1023 0.9774 1.90 xX 10°! 
800 1073 0.9319 5.13 XK 10713 
825 1098 0.9107 9.60 X 10°12 


reaction is nearly independent of the 
pressure in the range of 7.6 cm to 0.15 
cm pressure. This evidence indicates 
that mechanism of reaction is very dif- 
ferent from what is observed in the 
reaction with hydrogen which is pre- 
sented in Fig 14 and discussed in the 
section Reaction with Hydrogen of this 
paper. In the case of hydrogen it is 
shown that the reaction rate is propor- 
tional to the square root of the pressure 
at a given temperature. 

Barrer! has summarized several sys- 
tematic studies of the permeation of 
hydrogen through metals. Two possible 
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FIG 15—Reaction Zr with H» 300°C. Initial ieaction rate 
vs. P’?, 


rate-pressure relationships have been 
found: 
(1) Activated diffusion without dis- 


dw 
sociation yr = —kpe*/t 
(2) Activated diffusion with ~dis- 


dw Z 
sociation we = —kp”e-/T 


dw ; 
Here a refers to the rate of reaction, 


p the pressure, ¢ the time, 7’ the tem- 
perature and k and 6b are constants. 
This expression predicts for the diffu- 
sion of atoms in the crystal of zir- 
conium at constant temperature an 


dW 
expression of the type of es Ap”. 


It is rather surprising that the reac- 
tion does not follow one of the rate- 
pressure relationships. This evidence 
indicates that the reaction is not occur- 
ring on a bare metal surface but rather 
through a film of the nitride, the 
nitride in turn dissolving in the metal. 
Upon evacuation the nitride continues 
to dissolve but no further film forma- 
tion is possible. After a certain time 
bare metal will be exposed and this is 
the condition in which we find the 
metal after completion of the experi- 
ment. The thickness of the nitride film 
is governed by the rate of reaction 
which is a reciprocal function of the 
thickness and the rate of solution of the 
nitride. The square root relationship of 
pressure is not expected to govern a 
reaction in which a film is present since 
the nitride is diffusing under a constant 
concentration gradient. 


REACTION WITH HYDROGEN 


The reaction is studied as a function 
of time, temperature and pressure. The 
stability of the reaction product is stud- 
ied as a function of the temperature 
under high vacuum conditions. Fig 12- 


524 .. . Metals Transactions, Vol. 185 


16 show the results. The hydrogen is 
prepared by diffusion through a pal- 
ladium tube after a preliminary purifi- 
cation. A maximum pressure of 2.6 cm 
of hydrogen is used in the experiments 
since greater pressures required rather 
long preparation times. 

Fig 12 shows a preliminary study of 
the reaction as a function of tempera- 
ture for a pressure of 2.2 cm of hydro- 
gen. The reaction appears to start ata 
temperature of 235°C and the rate of 
reaction increases rapidly with the 
temperature. A visual examination of 
the film showed no evidence of a sur- 
face film. It is assumed that the hydro- 
gen is dissolving in the metal to form a 
compound or stable complex. On 
evacuating the hydrogen from the 
specimen shown in Fig 12 no decom- 
position is noticed. This evidence sup- 
ports the point of view that the 
hydrogen is forming a compound or 
complex. 

1. Time and Temperature: It is of 
interest to examine the time behavior 
of the reaction rate. Typical curves are 
shown in Fig 13 for temperatures of 
250° to 300°C. The reaction rate falls 
off with time. An analysis of the change 
of slope with time shows that there is 
no great difference in the way the rate 
is changing with time for the three 
curves in spite of the great difference 
in the amount of hydrogen taken up 
during the reaction. 

_ The 300°C curve after two hours of 
reaction shows a hydrogen uptake cor- 
responding to the formula ZrHo.216. 
Hall and co-workers'!? have found a 
saturation value of ZrH,.9; for 20°C. 
No attempt is made to determine the 
saturation value. 

If the rate determining process in the 
uptake of hydrogen is the diffusion of 
hydrogen into the metal, it is possible 


to account qualitatively for the de- 
crease in reaction rate as due to a 
change in the diffusion constant D or 
to a change in the concentration 
gradient. 

2. Temperature: A study of the reac- ~ 
tion with hydrogen as a function of 
temperature is necessary if the details 
of the reaction mechanism are to be 
worked out. However, the reaction is 
very sensitive to the pretreatment and 
to the presence of surface films. In ad- 
dition, the reaction is very sensitive to 
temperature, especially in the tem- 
perature range of 275° to 300°C. Very 
little reaction occurs at 250°C while 
at 300°C a very rapid reaction rate is 
observed. The temperature coefficient 
has not been determined for this 
reaction. 

3. Pressure: The effect of pressure on 
the permeability of metals to hydrogen 
has been discussed by Barrer! and 
summarized in the section on Reaction 
with Nitrogen of this paper. Two possi- 
ble rate-pressure relationships were 
proposed: (1) Activated diffusion with- 
out dissociation, and (2) activated 
diffusion with dissociation. Mechanism 
(2) is expected to govern the diffusion 
of hydrogen in metals since the open- 
ings in the metal structure are not 
large enough to allow molecules to 
diffuse directly. 

The reaction rate may then be ex- 
pressed at a constant temperature as 
follows: 


Fig 14 shows the effect of pressure 
on the time course of the reaction for a 
temperature of 300°C. The pressure is 
varied from 2.6 to 0.06 cm. The results 
show that pressure has a large effect on 
the reaction. 

To test the application of the square 
root law Fig 15 shows a plot of the 


initial reaction rate ae as a function 


of p”. Good agreement is observed. 
This correlation shows that the diffusion 
of hydrogen into the metal is mainly 
by atoms of hydrogen. 

It may be noticed that the curve 
bends at low pressure and is not 
linear with p” in this range. This effect 
has been discussed by Smithels and 
Ransley”® for the permeation of hydro- 
gen through metals. The rate should 
include a term which is a function of the 
fraction of surface covered 6. 

A, Stability: Fig 16 shows the stabil- 
ity of the hydrogen complex with zir- 
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conium as a function of temperature in 
a vacuum of 10-' mm of Hg. Hz, is 
added to zirconium at 250°C and 2.5 
cm pressure. After evacuation the 
temperature is gradually raised. The 
temperature is given at the top of the 
graph. At a temperature of 436°C 
the hydrogen is given off. All of the 
hydrogen is removed as is shown in the 
figure. Above 700°C the specimen is 
reacting with its environment and 
gaining weight. We are not sure 
whether the specimen is readsorbing 
hydrogen and other gases given off by 
the furnace. The addition of hydrogen 
to a low pressure appears to increase 
this reaction. 


Conelusion 


The kinetics of the reactions of duc- 
tile zirconium with oxygen, nitrogen 
and hydrogen are studied as a function 
of time, temperature, pressure, surface 
preparation and stability of the par- 
ticular film. The vacuum microbal- 
ance method is used for all of the 
measurements. 

The oxidation reaction showed an 
appreciable rate at 200°C. No simple 
rate law is found to fit the data over a 
wide temperature range. However, the 
modification of the parabolic rate law 
suggested by Mott predicts the general 
shape of the time curve. An analysis of 
the parabolic rate law plots for long 
periods of reaction time shows straight 
lines. Using the transition state theory 
of gas-metal reactions an energy of 
activation of 18,200 cal per mol and an 
entropy of activation of —25.6 cal per 
mol per °C are calculated. These are 
compared to similar calculations on 
other metals. 

A study of the temperature depend- 
ence of the oxidation rate as a function 
of film thickness shows a constant re- 
lationship. This fact suggests that one 
mechanism is controlling the rate over 
a wide thickness range. No evidence 
was found for an unstable oxide. 

The nitride reaction is of special 
interest. The reaction is found to be 
very sensitive to traces of oxygen and 
hydrogen in the reacting gas. The rate 
of reaction of zirconium with nitrogen 
is much slower than the reactions with 
oxygen and hydrogen. The data agree 
well with the predictions of the para- 
bolic rate law although reaction films 
are not observed on the metal. An 
energy of activation of 39,200 cal is 
calculated from the temperature co- 
efficient of the parabolic rate law 
constants. 
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FIG 16—Stability of Zr hydride 250°-1000°C. 


The nitride reaction is insensitive to 
pressure and the reaction does not fol- 
low any simple pressure function. A 
theory of the reaction is presented in 
which the limiting factor is the diffu- 
sion of the nitride into the metal under 
the conditions of a constant concen- 
tration at the surface. 

- The stability of the nitride is tested 
and the nitride is found to be stable to 
a temperature of at least 900°C. 

The hydride reaction obeys the 
square root of pressure law. In this 
case, a film is not formed and it appears 
that hydrogen diffuses into the zir- 
conium lattice as atoms. The time 
behavior of the reaction deviates from a 
linear law. This deviation may be due 
to changes in the concentration gradi- 
ent in the metal or to a change in the 
diffusion constant. The hydride is sta- 
ble in vacua up to a temperature of 
about 440°C 


References 


1. R. M. Barrer: Diffusion In and 
Through Solids. P. 170, Univ. 
Press, Cambridge (1941). 

2. K. Becker and F. Ebert: Ztsch. f. 

Phys. (1925) 31, 268-272. 

3. J. H. de Boer and J. D; East: Rec: 

trav. chim. (1940) 59, 161-167. 

4. J. H. de Boer and J. D. Fast: Rec. 

trav. chim. (1936) 55, 459. 

5. W. M. Cohn and S. Tolksdorf: 

Ztsch. Phys. Chem. (1930) B8, 331. 

6. J. S. Dunn: Jnl. Chem. Soe. (1929) 
1149-1150. 

7. L. F. Ehrke-and C. M. Slack: Jnl. 
Appl. Phys. (1940) 11, 129-137. 

8. J. D. Fast: Foote Prints 13, No. 1 


(1940). 

9. J. D. Fast: Quoted by W. M. Raynor 
(ref. 27). 

10. J. D. Fast: Metallwirtschaft (1938) 


17, 641. 
iWile Glasstone, Laidler and Eyring. The 
Theory of Rate Processes. Mc- 


Graw-Hill (1941). 

12. E. A. Gulbransen: Trans. Electro- 

chem. Soc. (1942) 81, 187-197. 

A. Gulbransen: Rev. Sci. Instr. 

(1944) 15, 201-204. 

14. E. A. Gulbransen and K. Andrew: 
To be published. 

15. E. A. Gulbransen: Trans. Electro- 
chem. Soc. (1947) 91, 431-461. 

16. E. A. Gulbransen: Trans. Electro- 
chem. Soc. (1943) 83, 301-313. 

17. W. G. Guldner and L. A. Wooten: 
Jnl. Electrochem. Soc. (1948) 93, 
223-235. 

18. G. Hagg: Zisch. Phys. Chem. (1931) 
B11, 433. 


4 

19. M. N. A. Hall, S. L. H. Martin and 
A. L. G. Rees: Trans. Faraday 
Soc. (1945) 41, 306-316. 

20. J. D. Hanawalt, H. W. Rinn and 
L. K. Frevel: Ind. Eng. Chem., 
Anal. Ed. (1938) 10, 457. 

21. J. W. Hickman and E. A. Gulbran- 
sen: Jnl. Anal. Chem. (1948) 20, 
158-165. 

22. S. Hukagawa and J. Nambo: Elec- 
trotech. Jnl. (Japan) (1941) 5, 
27-30. 

23. K. K. Kelley: U. S. Bur. of Mines 

r Bull. (1935) 384, (1937) 407; also 
Private Communication. 

24. N. F. Mott: Trans. Faraday Soc. 
(1940) 36, 472. 

25. N. F. Mott: Jnl. Inst. Metals 
(London) (1946) 2, 367-380. 

26. N. B. Pilling and R. E. Bedworth: 
Jnl. Inst. Metals (1923) 29, 529- 
082. 

27. W. M. SNe Foote Prints (1943) 
15, No. 2, 3-10. 

28. O. Ruff and F. Ebert: Zésch. anorg. 
allgem. Chem. (1929) 180, 19. 

29. C. Smithels and C. E. Ransley: 
Proc. Roy. Soc. (1935) 150A, 172. 

30. G. Tammann and W. Koster: Ztsch- 
anorg. allgem. Chem. (1922) 123, 
196. 

31. M. deKay Thompson: The Total 
and Free Energies of Formation 
of the Oxides of Thirty-Two 
Metals. The Electrochemical So- 
ciety, Inc., New York 1942. 

32. J. van Liempt: Quoted by Barrer.! 

33. C. Wagner and K. Griinewald: 


13. Be 


Zisch. Phys. Chem. (1938) 40B, 
455. 

34, C. F. Wagner: Private Communica- 
tion. 


Metals Transactions, Vol. 185... 525 


Discontinuous Crack Propagation 


L. D. JAFFE,* Junior Member, AIME, E. L. REED,* and H. C. MANN* 


It has been generally believed that 
fracture originates at a point and, if the 
stress is sufficient, propagates across 
the material from this point. Evidence 
to the contrary is given in Fig 1. This 
micrograph shows an area close to the 
fracture of a steel containing 


Cc Mn Si Cr Mo V 


0.28} 0.74 0.20 1.00 0.49 0.12 


The material had been quenched from 
1675°F and tempered at 1150°F as a 
round about 10 in. in diam, and had a 
static tensile strength of 132,000 psi 
and a static yield strength of 105,000 
psi. The steel was broken in 3000 cycles 
of reversed bending at a nominal max. 
fiber stress of 110,000 psi at a speed of 
10,000 rpm. It was in the form of a 
standard R.R. Moore specimen with 
45° V-notch, 0.015 in. radius and 
0.220 in. diam at base of notch. The 
fractured edge in Fig 1 is part of the 
central portion of the specimen which 
broke during the final sudden fracture. 

Attention is directed to the short 
cracks which appear as dark lines 
within the specimen. Similar cracks 
were found in another specimen of the 
material, broken in 1,798,000 cycles at 
a nominal stress of 40,000 psi: The 
cracks were found in several areas 
close to the path of the final sudden 
fracture. This final fracture appeared 
microscopically to be wholly brittle and 
transcrystalline. Closer to the surface 
of the specimens, near the path of 
progressive fracture, which presuma- 
bly advanced gradually during many 
cycles, there was microscopic evidence 
of some local deformation, but no 
microcracks. Neither were microcracks 
observed in areas distant from the main 
fracture path. 

The following explanation is offered: 
In the sudden fracture of the specimen, 
a crack propagates along a crystallo- 
graphic plane, with little or no plastic 
deformation of the adjacent material, 
until it reaches a grain boundary or a 
particle of carbide or inclusion which 
stops its advance. (The particle or 
boundary may be outside the plane of 
polish and not visible in the micro- 
graph.) A stress concentration occurs 
about the end of the stopped crack. 
One or more new cracks are likely to 
start in the zone of this stress concen- 
tration. They may lie in the same grain 
as the first crack or in an adjacent 
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FIG 1—DMéicrocracks near fracture of fatigue test specimen. 
X 500. Vilella etch. 


grain. New cracks may occasionally 
start in a nearby but not adjacent 
grain whose orientation with respect to 
the stress leads to more ready fracture 
than does that of the grain between. 
Once started, these cracks propagate 
along crystallographic planes in their 
grains and the process repeats. This 
leads to discontinuous, branching 
chains of microcracks. 

As the process continues, micro- 
cracks probably tend to link up by 
fracture of intermediate material under 
the influence of increasing stress con- 
centration. Occasionally, too, there may 
be a series of nearby grains of similar 
orientation so that there is a certain 
continuity of fracture across them. In 
either case the effective size of a crack 
is increased, resulting in greater stress 
concentration at its ends and a greater 
likelihood of further increase of size 
of the continuously-fractured region. 
When one continuous crack crosses the 
entire specimen, macroscopic fracture 
has. occurred. The fractured edge of 
the specimen in Fig 1 represents a 
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series of microcracks which became 
continuous across the entire specimen. 
The short, dark-appearing cracks in the 
figure did not become continuous over 
a large area. The row of microscopic 
stress concentrations at their ends may 
link up with those of the ‘‘main crack”’ 
outside the plane of polish. 

The above explanation does not im- 
ply that microcracks develop at the 
same rate in all portions of the speci- 
men. They will develop most rapidly 
where the macroscopic tensile stress 
and macroscopic stress concentration 
are greatest. Viewed on a scale large 
compared to the grains, the fracture 
would appear to progress continuously 
across the specimen. 

Although Fig 1 shows a specimen 
broken in a fatigue test, it is believed 
that the microcracks discussed do not 
depend on the repetitive nature of the 
stressing used, since they are in the 
region where ‘“‘sudden”’ fracture oc- 
curred, presumably in a single stress 
cycle. The whole process of microcrack 
propagation outlined above is thought 
to have occurred during this single 
cycle. 

It is believed that discontinuous. 
crack propagation may be universal 
in brittle transgranular fracture of 
crystalline solids. Further experiments 
are under way. 
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The Active Slip Systems in the 
Simple Axial Extension of Single 
Crystalline Alpha Brass’ 
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ROBERT MADDIN,+ Junior Member, C. H. MATHEWSON, t Member, and W. R. HIBBARD, Jr.,t Junior Member AIME 


Recent publications!:? establishing 
the presence of cross-slip in strained 
metallic single crystals oriented wholly 
within the area of single slip as pre- 
dicted from the generalizations of Tay- 
lor and Elam? described these markings 
as they appeared during the initial 
stages of the deformation process. At 
that time, the plane having a common 
glide direction with the primary slip- 
ping plane was reported as the cross- 
slip plane although the specific direction 
was not confirmed. Consequently, in 
continuation of the research, it seemed 
advisable to investigate the micro- 
graphic appearance of cross-slip to- 
gether with the Laue back-reflection 
X ray analysis and stress-strain data 
during the later stages of the deforma- 
tion process. é 

Accordingly, a single crystal of brass 
(72.75 pet Cu, 0.01 pet Fe, 0.01 pct Pb, 
27.23 pet Zn) was polished mechani- 
cally and repolished electrolytically 
after the manner described in the 
earlier paper.! Three pairs of flat sur- 
faces, parallel to the specimen axis, and 
(1) perpendicular to the plane contain- 
ing the pole of the primary glide plane 
and the specimen axis, (2) perpendicu- 
lar to the plane containing the pole of 
the cross-slip plane and the specimen 
axis, and (3) perpendicular to the plane 
containing the slip direction and the 
specimen axis, were polished mechani- 
cally and repolished electrolytically, 
resulting in a final minimum gauge 
diameter of 0.4864 in. in a gauge length 
of 3.36 in. The specimen was elongated 
in tension and load-extension readings 
were taken following the method de- 
scribed in the initial investigation.' 
Observed reorientations were obtained 
from a series of Laue back-reflection 
photograms at the center and ends of 
the gauge length and at various posi- 
tions around the circumference of the 
specimen. These were interpreted after 
the manner of A. B. Greninger.* 


AUGUST 1949 


Micrographic Observations 


Cross-slip (Fig 1 and 2) was found 
with the first appearance of the primary 
slip clusters and usually joined mem- 
bers of these clusters. In addition, a 
third set of entirely different markings 
(Fig 3) could be noted. The displace- 
ment of this third set by the primary 
slip lines was measured as 8300 at. 
diam (3.04 microns). Since the speci- 
men was carefully observed at high 
magnifications before any deformation 
and no markings of any type could be 
noted, it would appear that this third 
set was formed during the deformation 
process prior to the initiation of classi- 
cal primary slip. 

Additional extensions produced no 
unusual change in the appearance of 
either cross-slip or the third set of 
markings. The number of lines in- 
creased with increasing elongation and 
appeared, generally, in areas where 
earlier markings were present. The 
continuity of the clusters of cross-slip 
lines in Fig 4, 5 and 6 illustrates that 
they are neither noticeably displaced 
by nor do they displace the primary 
lines at this stage. In Fig 7, cross-slip 
appears in a long narrow localized band 
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approximately 45 degrees from the 
stress axis. This somewhat resembles a 
twin band except for the lack of a 
sharp boundary. 

After a shear of 0.257, sufficient ad- 
ditional glide occurred on the cross-slip 
plane to displace the primary slip lines 
(Fig 8). Generally, where a large num- 
ber of cross-slip lines could be observed 
in an area on one flat surface, few cross- 
slip lines appeared on the diametrically 
opposite position on the parallel flat 
(Fig 9). These, of course, were not 
matched observations on the same glide 
ellipses. It was extremely difficult to 
make such comparisons. , 

The third set of markings (Fig 10) 
was extensively displaced by glide on 
the primary slip planes. A plot of the 
width of primary slip clusters versus 
their displacement of the third set of 
lines is shown in Fig 11. The slope and 
the linearity of the plot suggest that 
each primary glide plane slips to a 
constant maximum value of shear be- 
fore further slip is transferred to an- 
other plane. A shear value of 0.28 was 
determined in this case. Heidenreich® 
has presented a similar schematic repre- 
sentation of glide for aluminum. 

After the specimen had attained an 
elongation of 51.8 pct, corresponding to 
a shear of 0.973, cross-slip appeared 
very prominently in certain areas as 
shown in Fig 12, yet at diametrically 
opposite positions very little cross-slip 
could be noted, Fig 13. Classical con- 
jugate slip was found at this advanced 
stage in the deformation, Fig 14, which 
corresponds to the axial location shown 
at 12 in Fig 15. It should be noted that 
cross-slip occurs within the conjugate 
slip clusters and on the same plane as 
the cross-slip associated with the 
closely spaced primary lines which con- 
stitute a background in less distinct 
focus. 

The third set of markings noted at 
all stages in the deformation of the 
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FIG 1—Resolution of cross-slip lines at a position perpendicular to the plane containing the slip direction and the speci- 


men axis. Stress axis is vertical. 
Shear is 0.0009. * 1000 


FIG 2—Prominent cross-slip at a position perpendicular to the plane containing the pole of the primary glide plane and 


the specimen axis. Stress axis is vertical. 
Shear is 0.053. K 1000 


FIG 3—Displacement of a third set of markings by a cluster of primary slip lines at a position perpendicular to the plane 
containing the pole of the cross-slip plane and the specimen axis. Stress axis is vertical. 


(Oblique illumination) Shear is 0.0009. x 1000 


FIG 4—Relatively long segmented cross-slip lines at a.position perpendicular to the plane containing the slip direction 


specimen was found in perfect align- 
ment with the classical conjugate slip 
lines and hence it may be concluded 
that both effects were caused by the 
same family of octahedral planes. 

In order to observe critically the di- 
rection of slip on the cross-slip plane, a 
crystal was prepared as in the previous 
manner but without any flat surfaces. 
It was then extended an amount suffi- 
cient to produce a large number of slip 
lines. 

In any metallic single crystal, slip 
lines are visible because the linear 
translation of the glide planes displaces 
the surface. There are, however, two 
positions (180 degrees apart) on the 
circumference of a cylindrical crystal at 
which this displacement is parallel to a 
surface plane and hence slip lines would 
not be visible. These positions lie in 
planes containing the specimen axis and 
the slip direction. 

By observing the presence or ab- 
sence of cross-slip in planes parallel to 
the plane containing the specimen axis 
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and the specimen axis. Stress axis is vertical. 
Shear is 0.102. K 1000 


and each of the three possible slip di- 
rections in turn, the plane of observa- 
tion in which cross-slip could no longer 
be observed would identify the direc- 
tion of slip. The technique becomes 
critical if the three observation planes 
are suitably placed about the periphery 
of the cylindrical specimen. Accord- 
ingly, careful microscopic observations 
were made at all positions on the cir- 
cumference of the crystal. The position 
where cross-slip could not be observed 
coincided with the position where pri- 
mary slip lines could no longer be seen. 
Furthermore, since cross-slip could be 
seen at all other positions, two of the 
three possible slip directions were elim- 
inated. Hence it may be concluded that 
both the primary and cross-slip planes 
possess the same slip direction. 
Summarizing this situation, the slip 
systems involved in the plastic exten- 
sion of the face-centered cubic alpha 
brass are: 1. The (primary) system 
required by the classical Taylor and 
Elam analysis. 2. A system exhibiting 


the octahedral plane which contains 
the same slip direction as the first 
octahedral plane, now constituting 
the active direction as in the other 
system. 3. The conjugate system re- 
quired by the classical Taylor and 
Elam analysis. 4. A system exhibiting 
the octahedral plane which contains 
the same slip direction as the plane 
normally acting in conjugate slip, now 
constituting the active direction as in 
the case of the conjugate system. 

The slip produced by System 2 was 
originally termed ‘‘cross-slip’’ because 
its trace as observed in the first experi- 
ments cut across the trace of the 
primary slip and the early evidence of 
other cross markings now traceable to 
the conjugate slip system (acting 
prematurely) was not conclusive. 

It should be noted that the same 
“cross-slip’’ plane is associated with 
both primary slip and conjugate slip 
but the direction differs in accordance 
with the associated plane. Therefore, 
three slip planes and two directions 
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FIG 5—Appearance of primary and cross-slip lines perpendicular to the plane containing the specimen axis and the slip 


direction. Stress axis is vertical. 
Shear is 0.102. * 1000 


-FtG 6—Clustered cross-slip at a position perpendicular to the plane containing the slip direction and the specimen axis. 


Stress axis is vertical. 
Shear is 0.174. < 1000 


FIG 7—“Twin” appearance of cross-slip at a position perpendicular to the plane containing the pole of the primary glide 


plane and the specimen axis. Stress axis is vertical. 


Shear is 0.174. X 1000 


FIG 8—Displacement by cross-slip lines of the primary slip lines at a position perpendicular to the plane containing the 
pole of the primary glide plane and the specimen axis. Stress axis is vertical. 


of slip have been observed in these 
experiments. 


X-ray Results 


No measurable amount of asterism 
could be noted in the Laue spots 
during the deformation corresponding 
to shears through 0.463. At the begin- 
ning of classical conjugate slipping, a 
large amount of asterism could be 
observed. In some cases, the streaks 
encompassed as much as seven degrees. 

_After the crystal had been elongated 
12.8 pet corresponding to a shear of 
0.257, Debye rings amounting to at 
least 20 degrees of arc could be seen in 
the back-reflection photograms corre- 
sponding to areas such as those shown 
in Fig 8, whereas they could not be 
observed in photograms representing 
areas of the type shown in Fig 9. 
This effect became more pronounced 
throughout the specimen during the 
later stages of the deformational 
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Shear is 0.257. K 1000 


process. At the beginning of classical 
conjugate slip, the fragmentation rings, 
sometimes as great as 180 degrees of 
arc, could be noted wherever there was 
a dense concentration of cross-slip 
(Fig 12) but was noticeably absent 
for areas of the type shown in Fig 13. 

The lattice rotations for the various 
extensions of the specimen are plotted 
in Fig 15. These rotations follow, 
generally, the theoretically predicted 
course. It may be noted, however, that 
in the initial stages of deformation, the 
reorientations observed from the X ray 
data exceeded the calculated; they 
agreed in the vicinity of the symmetry 
curve and, in the final stages, the 
observed reorientations lagged behind 
the theoretical. 

It may be well to point out that 
for the first five extensions, \ and x 
values (\ is the angle between the 
specimen axis and the slip direction, 
and x is the angle between the speci- 
men axis and the primary slip plane) 
were observed from a series of photo- 


grams made only at the center of the 
specimen, whereas, the \ and x values 
for the last seven extensions were 
averaged from photograms made at 
the ends and center. 


Stress-strain Results 


The initial stress-strain curve for 
the specimen with a constant rate of 
loading of 100 lb per min. is plotted 
in Fig 16. Correspondingly, stress- 
strain curves for several series of 
consecutive loadings of the crystal to 
the yield point; generally with the 
same rate of loading, are plotted in 
Fig 17, 18, 19 (a larger shear and a 
ten-fold increase in the rate of loading) 
and 20. It may be noted that no 
noticeable rise in proportional limit 
results from this type of extension. 
However, by plotting the first loading 
of each group superimposed upon one 
another, Fig 21 is obtained, in which 
it is evident that strain hardening 
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FIG 9—Lack of cross-slip and density of primary slip 
lines on a surface diametrically opposite to the one 
shown in Fig 8. Stress axis is vertical. 


Shear is 0.257. K 1000 
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FIG 10—Displacement of the third set of markings 
by primary slip lines about 30 degrees from a position 


perpendicular to the plane containing the slip direction 
and the specimen axis. Stress axis is vertical. 
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FIG 11—Displacement of the third set of markings by primary 


slip clusters of different widths. 
Data obtained from Fig 10. 


has occurred. Moreover, the plot of 
the critical resolved shear stress for 
each of these curves against the prior 
shear, Fig 22, is in good agreement 
with the strain hardening curve for 
brass of the same composition as 
reported by von Géler and Sachs.¢ 
Whereas the yon Goler and Sachs 
curve, Fig 23, indicates that, shear 
strengthening begins at a value of 
shear of about 0.18, the present curve 
shows that hardening begins at a value 
located between shears of 0.174 and 
0.257. Beyond these points there is 
apparently a sharper rise in the present 
curve than in the one reported by 
von Goler and Sachs.. 


Discussion of Results 


The methods by which the different 
parts of a metallic single crystal re- 
orient during deformation and at the 
same time adjust themselves to the 
constraints of adjacent matrix material 
and the specimen grip ends have been 
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the subject of many investigations. 
These investigations have postulated 
in the main a bend-gliding mechanism 
(Biegegleitung)? and a crystal frag- 
mentation’ followed by the rotation of 
minute crystallites. Asterism has been 
cited as evidence of both these mechan- 
isms. However, the absence of asterism 
and the presence of collateral slip on 
hitherto unpredicted systems in a 
strained crystal oriented wholly within 
the hypothetical single slip region 
suggest that the above postulated 
mechanisms can be considerably modi- 
fied, perhaps in the direction of 
simplification. 
Consider, for example, the con- 
straints imposed by the material 
adjacent to a latent glide plane. Once 
slip has occurred along this plane form- 
ing a visible slip line at the surface, 
the crystal has already reoriented. 
The actual reorientation can be con- 
sidered as formative during the gliding 
and completed once the slip line has 
appeared. Consequently, in order for 
reorientation to occur, the gliding 


Shear is 0.257. X 1000 


plane must be in a state of flexure 
(of the type reported by Polanyi’), 
caused by the stresses due to the 
unslipped adjacent material. This 
bending causes compression of the 
gliding plane on the concave side and 
tension on the convex side and is 
assumed to be directed about an axis 
in the plane of slip at right angles to 
the direction of slip (<112>). A set 
of octahedral planes favorably situated 
to reduce these stresses would be the 
conjugate slip planes which cut across 
the primary planes at a wide angle 
(70 degrees) and it is not surprising 
to observe their participation in the 
process long before the advent of clas- 
sical conjugate slip. Bending moments 
arising from the action of these inter- 
secting octahedral planes would be 
opposite in the rotational sense al- 
though not entirely symmetrical since 
the <112> axes in question do not 
lie in the same plane. In order to 
produce glide plane curvature without 
plastic action, the potential glide plane 
would have to be bent elastically in 
the modified sense of elastic shear and 
flexure outside the range of perfect 
elastic behavior, that is, by an anelastic 
process or an initial elastic stage of 
flexural gliding. However, instead of 
full flexural glide, relief could take place 
by action of the conjugate slip planes 
just prior to slip on the primary glide 
plane carrying the highest conven- 
tionally resolved shear stress. It might 
be predicted, therefore, not only that 
a set of secondary markings would 
always be associated with the primary 
shp lines but that this set would also 
be displaced by the primary lines. This 
was found to be the case with the 
present specimens in which the mark- 
ings in question have been described 
as the third set, and with other 
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: _ FIG 12—Dense cross-slip at a position perpendicular to the plane containing the pole of the primary glide plane and the 
s specimen axis. Stress axis is vertical. 
Shear is 0.973. K 1000 


FIG 13—Absence of cross-slip at a position diametrically opposite the one shown in Fig 12. Stress axis is vertical. 
Shear is 0.973. * 1000 


FIG 14—Conjugate slip cluster showing cross-slip in both the conjugate slip cluster and the primary slip lines at a position 


perpendicular to the plane containing the pole of the primary glide plane and the specimen axis. Stress axis is vertical. 
Shear is 0.973. X 1000 
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FIG 17—Seven consecutive loadings of the specimen to its yield point. 
Prior shear is 0.174. 
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FIG 18—Four consecutive loadings of the specimen to its yield point. 
Prior shear is 0.257. 
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FIG 19 (left half)—Six consecutive loadings of the specimen to its yield point. Rate of loading is 1000 Ib per min. 
Prior shear is‘0.265. 
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FIG 20—Three consecutive loadings of speci- 


men to its yield point. 
Prior shear is 0.973. 


crystals investigated in the Hammond 
Laboratory. 

The cross-slip plane was identified 
as the one having a common slip 
direction with the major slip plane. 
Since it has also been found that the 
slip direction is the same for both the 
cross-slip plane and the major slip 
plane, shear may now be pictured as 
occurring simultaneously along a pair 
of planes forming steplike folds, with 
the cross-slip plane corresponding to 
the short leg of the fold. Whether this 
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FIG 21—Superimposed stress-strain curves for the first loading of each 


total extension shown in Fig 16, 17, 18, 19 and 20. 


can be clarified in the mechanics of 
stress action in a perfect crystal with 
regard for inhomogeneities at the 
stepped ends of the lamellae, or must 
be explained in terms of dislocations 
or other abnormalities in the crystal 
must be determined by further study. 

In the initial stages of the deforma- 
tion process, back-reflection Laue pho- 
tograms were made with the X ray 
beam incident in the central region 
of the crystalline rod where the major 
deformation had occurred as shown 
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FIG 19 (right half) —Strain—in/in X 107°. 


by the much larger number of slip 
lines in this area. Consequently, the 
lattice reorientation observed from the 
X ray data exceeded the reorientation 
as calculated from the initial and final 
gauge lengths representing the over-all 
elongation of the specimen. In the 
vicinity of the symmetry curve where 
the theoretical and observed reorienta- 
tions agreed, slip had taken place 
throughout. the crystal and the X ray 
data represented an average of ex- 
posures made at different points of 
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FIG 22—Shear strengthening curve for specimen investigated. 


the specimen and thus gave a more 
truly representative macro-history of 
the lattice reorientation. 

In the later stages, the observed 
reorientations lagged behind the theo- 
retical ones. This lag has previously 
been reported by von Goler and Sachs. ® 
An explanation of this latter behavior 
might stem from a consideration of the 
additional amount of glide on the 
cross-slip planes as compared with 
the small amount during the early 
stages of deformation. Cross-slip first 
occurred either simultaneously or in 
close association with primary slip 
since neither the primary nor the 
cross-slip lines were displaced. During 
the later stages of deformation, how- 
ever, additional glide occurred on the 
cross-slip planes as noted by their 
displacement of primary lines. In this 
way, the theoretical reorientation did 
not represent the true reorientation 
since it gave no account of glide on 
the cross-slip planes. 

Although consecutive loadings to 
the yield point show no strain harden- 
ing, shear strengthening can be ob- 
served after the separate extensions. 
One possible explanation for this 
behavior might be sought in the 
hypothesis that recovery rates are 
greater while deformation is proceeding 
than after deformation has stopped. 


Summary 
The observations reported seem to 
suggest that plastic deformation in 


single crystals of alpha brass of 
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approximately 70-30 composition be- 
gins by gliding on octahedral planes 
possessing cross-slip folds. This stage 
of the deformation process is not 
accompanied by measurable strain 
hardening. To cause slip to proceed 
along planes segmented into folds 
would conceivably require a greater 
stress than along other planes and, 
consequently, slip is diverted to un- 
disturbed areas. Hence there would 
be no over-all measurable  strain- 
hardening. When all available un- 
slipped areas are eliminated, it would 
seem that greater stress would be 
required to cause further glide in 
previously slipped areas. This stage 
of the deformation process appears 
to be the beginning of shear strength- 
ening and would be accompanied by 
the occurrence of further glide on the 
cross-slip and primary slip planes. 
Since shear strengthening begins to 
occur at about the point where addi- 
tional glide has also occurred on the 
cross-slip planes as well as on the 
primary planes and since this stage 
of the deformation process is accom- 
panied by notable fragmentation wher- 
ever there is a large amount of promi- 
nent cross-slip it would seem that 
shear strengthening may be caused 
primarily by the necessity of forcing 
glide along planes segmented into 
folds. With additional deformation 
which increases fragmentation, the 
stress rises sharply until the classical 
stage of conjugate slip begins. Cross- 
slip also occurs during conjugate slip 
and on the same slip plane that oper- 
ated before true conjugate slip began. 
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FIG 23—Shear strengthening curves for copper 


and a series of brasses. 
(von Goler and Sachs) 


When associated with either the pri- 
mary or conjugate slip plane it assumed 
the appropriate common direction. 
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The Effects of Molybdenum and 
Commercial Ranges of Phosphorus 
upon the Toughness of 0.40 Pet 
Carbon Chromium Steels 


en ONO 0000 OO O00 O00 OOOO OO 6G OOD OOO OOOO OOO 


M. BAEYERTZ,* Member AIME, W. F. CRAIG, JR.* and J. P. SHEEHAN* 


This paper deals with molybdenum 
modifications of 5140 steel that have 
the same hardenability but a_ better 
tolerance for phosphorus than the 
AISI-SAE 5140 grade. Lack of tough- 
ness in steels with higher than normal 
phosphorus contents is well known to 
metallurgists. This problem is trouble- 
some even within normal phosphorus 
ranges, if the heat treatment or the 
design of the part or the service is 
critical. Under such unfavorable con- 
ditions and also in the case of phos- 
phorus contents toward the upper side 
of the commercial range, the use of 
molybdenum to replace a part of the 
chromium in 5140 steel provides a 
factor of safety. E 

The toughness of steel is variously 
exhibited in different mechanical tests; 
broadly the term is applied to the 
capacity of the steel to deform prior 
to fracture. Defined in this way, tough- 
ness is considered to be an inherent 
quality that depends upon the compo- 
sition and structure of the steel, and 
also upon its temperature during de- 
formation and fracture in the test. 
In the present state of our knowledge, 
the type of mechanical test needs to be 
included in any discussion of toughness, 
because the revelation of this quality 
in steel depends on the stress state and 
rate of stressing imposed by the test. 

In comparing the toughness of one 
steel with another by laboratory test- 
ing, it has long been customary to use 
notched tests that impose severe con- 
straint to deformation, and then to 
test over a range of temperatures to 
obtain the so-called transition. At 
temperatures above the transition, the 
steel fails after considerable deforma- 
tion and absorption of energy. Below 
the transition, less energy is absorbed 
as the steel fails largely by cleavage. 
The transition range itself is charac- 
terized by a more or less abrupt change 
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in energy absorption and type of 
fracture. The conventional V-notch 
Charpy impact test has been used 
exclusively in the work covered by 
this report. For the steels under study, 
rather sharp transitions are obtained 
with this test, at testing temperatures 
that are easily obtained in the labora- 
tory. The position of the transition on 
the testing temperature scale provides 
a rather sensitive index of the tough- 
ness of the steel, when the steels under 
study are similar in character as they 
are in this work. 

Turning to the metallurgical reasons 
for the greater toughness of one steel 
as compared to another, the authors 
propose to limit the discussion to the 
small field under study. Only one 
structural state is considered, tempered 
martensite of a hardness of about 28 
Rockwell C or 269 Brinell. The study 
deals first with the loss of toughness in 
AISI-SAE 5140 steel caused by in- 
creasing the phosphorus content from 
about 0.020 to 0.040 pct. A second 
part of the work deals with counter- 
acting this loss in toughness by re- 
placing a part of the chromium by 
molybdenum. A series of molybdenum 
modifications was studied, in each of 
which the chromium was reduced 
sufficiently to duplicate the harden- 
ability of 5140 steel. 

Phosphorus affects the toughness of 
steel in two ways. An inherent lack of 
toughness of phosphorus-bearing ferrite 
as compared to low phosphorus ferrite 
has often been noted. Jolivet and Vidal? 
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have shown that phosphorus has the 
same effect in tempered martensite in 
chromium steels. The other well known 
effect of phosphorus is to make steel 
susceptible to temper embrittlement. 
Temper brittleness is a loss in tough- 
ness brought about by tempering steel 
within a limited temperature interval 
somewhat below the A; temperature. 
In most of the standard AISI-SAE 
alloy steels, this temperature interval 
is approximately 850-1100°F. Either 
of these types of loss in toughness is 
easily followed by the shift in the 
transition temperature obtained with 
the notched-bar impact test. The data 
to be presented show the beneficial 
effect of substituting molybdenum for 
a part of the chromium in 5140 steel 
with either moderate (0.020 pct) or 
high (0.040 pct) phosphorus contents. 
Both the inherent lack of toughness 
of phosphorus-bearing steel and temper 
brittleness are counteracted by this 
use of molybdenum. 

The work of Jolivet and Vidal men- 
tioned above shows the detrimental 
effect of phosphorus on the toughness 
of tempered martensite in the absence - 
of temper embrittlement, as well as 
the temper brittleness caused by phos- 
phorus. They used two steels, essen- 
tially 0.25 pet C-1.4 pet Cr, with 0.044 
and 0.012 pct P, respectively. The 
nonembrittled state was obtained by 
quenching in oil from 1610°F, then 
tempering for one hour at 1200°F and 
quenching in water. In this state the 
transition temperature range of the 
low phosphorus steel in the notched- 
bar impact test was below that of the 
steel with 0.044 pct P. An additional 
treatment of 24 br at 975°F (that is, 
in the embrittling range) caused both 
steels to lose toughness, but the high 
phosphorus steel showed the greater 
embrittlement. 

Recently Hollomon? has published a 
comprehensive survey and _ bibliog- 
raphy: of the literature on temper 
brittleness, to which the reader ‘is re- 
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ferred for a general review of the 
subject. Carbon, nitrogen, phosphorus, 
oxygen, and various alloying elements 
as well have been blamed for the 
embrittlement. Other pertinent papers 
have appeared subsequently. Cohen, 
Hurlich, and Jacobsen? and McLean 
and Northcott! have studied metallo- 
graphic etchants for revealing the 
temper brittle state. Pellini and Quen- 
eau® have obtained data which they 
interpret as indicating carbon to be 
the cause of temper brittleness. Their 
conclusion is based on the observation 
of isothermal development of brittle- 
ness at temperatures below the A, 
temperature but above that of the 
iron-nitrogen eutectoid. In the light 
of data to be presented later in this 
paper, it may be noted that their steel 
that developed brittleness at this high 
temperature contained 0.029 pct P, 
an amount which might be suspected 
as the cause of the embrittlement. 

The inception of the case against 
phosphorus, as a factor in temper brit- 
tleness, dates from World War I. How- 
ever, in this early work and to some 
extent in later investigations conclu- 
sions are based on tests made only at 
room temperature. Andrew® reported 
that steels with phosphorus in the 
lower part of a range of 0.01 to 0.058 
pet did not exhibit temper brittleness, 
while in the upper part of this phos- 
phorus range the difference in impact 
strength between water quenched and 
slowly cooled specimens was as much as 
50 pct. 

Ashdown’ stated that temper brittle- 
ness was observed in large chromium- 
nickel steel forgings with phosphorus 
contents of 0.03 to 0.04 pct while he 
also observed its absence in aircraft 
crankshaft forgings of the same steel 
except with phosphorus below 0.02 pct. 

Data presented by Andrew® and also 
by Green® show the influence of phos- 
phorus in a series of 0.35 pet C-3.5 pct 
Ni steels alike in composition and 
treatment but with variable phos- 
phorus content. The 0.018 and 0.039 
pet P steels had susceptibility ratios of 
one; in those with 0.058 pct and higher 
phosphorus contents the ratio rose con- 
sistently with the phosphorus content. 
The susceptibility ratio is the impact 
value of the unembrittled steel divided 
by that of the same steel in the em- 
brittled state. The ratio applies to a 
single testing temperature, usually 
room temperature. 

Greaves and Jones? obtained similar 
data using Cr, Ni and Cr-Ni steels 
with about 0.3 pet C, from which they 
concluded that phosphorus up to 0.04 
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pet has little influence on temper em- 
brittlement but that higher phosphorus 
has a marked effect in raising the sus- 
ceptibility ratio. 

Reporting work on various plain 
carbon and alloy steels, Mauer, Wilms 
and Kiessler!® and also Bischof and 
Bottger! have added to the observa- 
tions of the deleterious effect of 
phosphorus. 

Bennek!? studied the role of phos- 
phorus in temper brittleness using sus- 
ceptibility ratios, and in some instances 
supplemented these with determina- 
tions of the impact transition curves. 
Phosphorus contents ranged from less 
than 0.01 to 0.11 pct. Manganese, Ni, 
Cr, Cr-Ni and Cr-Ni-Mo steels were 
employed. Carbon contents were be- 
tween 0.25 and 0.30 pct. Prolonged 
heating either above or below the criti- 
cal range lessened the intensity of em- 
brittlement developed on subsequent 
heat treatment; presumably phos- 
phorus diffused from regions of high 
phosphorus segregation during the 
anneal. The low phosphorus steels ex- 
hibited. little or no temper brittleness 
provided that the alloy content was 
restricted to 1.5 pet Mn, Ni, or Cr; 
however, a steel with 3.58 pct Ni, 0.92 
pet Cr and only 0.012 pet P showed a 
marked shift in transition tempera- 
ture on furnace cooling compared to 
water quenching after tempering. This 
apparent influence of hardenability on 
susceptibility to temper brittleness 
seems of importance, although, for 
fully hardened specimens, a reason is 
not obvious. 

The greater tendency to embrittle- 
ment in steels containing both chro- 
mium and nickel, as compared to either 
alone, had often been observed by in- 
vestigators of temper brittleness. Re- 
cently Hollomon? has shown a rather 
consistent relationship between the 
susceptibility ratio (specimens broken 
at —40°F) and the combined hardena- 
bility contributed by manganese, nickel, 
and chromium in a series of twenty-one 
0.30 pct C, Cr-Ni-Mo steels. Man- 
ganese varied from 0.76 to 1.52 pct, 
nickel from a trace to 3.41 pet and 
chromium from 0.45 to 2.57 pet. Phos- 
phorus was hardly variable as the 
entire range for the series was 0.009 to 
0.014 pet. 


Plan of Investigation 


In the present work, a straight chro- 
mium grade was chosen to avoid the 
confusion of a number of alloying ele- 
ments. Heats of 5140 steel were made 


with phosphorus contents varying be- 
tween 0.020 and 0.036 pct. The lower 
side of the phosphorus range was 
selected in an attempt to duplicate a 
usual residual for open hearth steels. 
The upper side was chosen to fall within 
the AISI-SAE specification for the — 
grade. Then, because molybdenum has 
been the element most widely used for 
reducing or delaying the onset of tem- 
per brittleness, another series of modi- 
fied 5140 steels was studied in which a 
part of the chromium was replaced by 
molybdenum, keeping the hardenabil- 
ity essentially constant. Phosphorus 
was varied as in the 5140 series. 

It might be argued that reduction in 
chromium content would assist in re- 
ducing the susceptibility to temper 
brittleness but, in adding molybdenum, 
either the hardenability of the steel or 
the basic 5140 composition must be 
altered. In view of the apparent rela- 
tion between hardenability and temper 
brittleness noted by many investigators 
and also from the standpoint of provid- 
ing a steel with the same hardenability 
as 5140 but with a good tolerance for 
phosphorus, the substitution of molyb- 
denum for part of the chromium seemed 
the best procedure, and the one of 
greatest commercial significance. If 
molybdenum were added to the 5140 
base analysis without reduction in 
chromium, the 4140 grade of con- 
siderably higher hardenability would 
be approached. 

In both the 5140 steels and the 
molybdenum modifications aluminum 
was used to produce fine grained steels, 
which would be comparable with a 
large part of the commercial production 
of 5140. Another reason for adding 
aluminum was to remove both oxygen 
and nitrogen from the metal phase and 
thus materially reduce the possibility 
of a contribution to temper brittleness 
by these elements. 

The tempering treatments were 
illustrative of common commercial 
cycles. In considering the choice of a 
tempering cycle, it is desirable to have 
reference specimens in an unembrittled 
state of the same hardness as the em- 
brittled specimens. In isothermal stud- 
ies this has been done by tempering all 
specimens between the A, temperature 
and the embrittling range and then 
quenching in oil or water. Subsequent 
isothermal treatment in the embrittling 
range does not change the hardness 
materially, and the quenched speci- 
mens without subsequent isothermal 
treatment provide a nonembrittled 
norm. 

While isothermal tempering of small 
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FIG 1—Hardenability band of 5140 and molybdenum-chromium steels with variable phosphorus. 


specimens is attractive for the study of 
the embrittling reaction, it does not 
simulate commercial practice in the 
tempering of machine parts in which 
loss of toughness would be of practical 
importance. For the purpose of this 
work it seemed preferable to temper 
above the embrittling range and to 
obtain progressive embrittlement by 
cooling at various rates through the 
temper brittle range. A tempering 
temperature of 1150°F and a range of 
cooling rates wide enough to simulate 
those generally encountered in com- 
mercial heat treatment were chosen. 
Specimens quenched in water from the 
tempering temperature provided a non- 
embrittled norm for the evaluation of 
temper brittleness, and also for de- 
termination of the effect of the replace- 
ment of chromium by molybdenum on 
toughness in the nonembrittled state. 

Another consideration in selecting 
the tempering treatment was the 
variable amounts of chromium and 
molybdenum in the steels, and the in- 
fluence of these elements on the tem- 
pering rate. Their effect on tempered 
hardness is least at high tempering 
temperatures such as 1150°F chosen 
for this study. That the tempering 
treatments selected were fairly suc- 
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Standard Jominy test, quenching temperature 1550°F. 


cessful in obtaining uniform hard- 
ness is shown by a maximum range in 
Rockwell C values of 25 to 31 for 
both the 5140 and the molybdenum- 
chromium steels. The molybdenum- 
chromium steels tended to be slightly 
higher in hardness than the 5140 steels 
at each cooling rate, and the hardness 
of both series decreased slightly with 
slower rates of cooling from the tem- 
pering temperature. 

The transition range of the notched- 
bar test was used as a measure of 
toughness. 


Preparation of the Steels 


In order to have comparable steels, 
500 Ib laboratory induction furnace 
heats were made, using Armco iron 
from a single open hearth heat as the 
charge. Uniform furnace practice was 
maintained. The steel was deoxidized 
with 114 lb of aluminum per ton in the 
furnace. The analyses of the steels are 
given in Table 1. 

As phosphorus is one of the elements 
most apt to segregate in steel ingots, it 
was desired that the experimental data 
would approach those which might be 
obtained with the same phosphorus 


contents in commercially produced 
steels. With this in mind, one ingot of 
460 lb weight with hot top was poured 
from each heat and only the top half 
of each ingot was used in the study of 
temper brittleness. 

The top halves of the ingots were 
forged to 14 by 214 in. bars for the 
impact tests and 1}4 in. round bars for 
the Jominy tests. All stock was nor- 
malized from 1550°F and stress re- 
lieved at 1200°F prior to machining the 
specimens. 


Determination of 
Hardenability 


The standard Jominy test was used 
for the determination of hardenability. 
The Jominy bars were quenched from 
1550°F. The hardenability band for the 
5140 steels with variable phosphorus 
and for the molybdenum modifications 
is shown in Fig 1. The 5140 steels vary 
little in hardenability, but the band is 
unavoidably somewhat wider at the 
lower hardness levels as a result of the 
effect of molybdenum. 

The austenite grain sizes of the vari- 
ous steels were ASTM No. 8 to 9, as 
determined by polishing a section from 
each Jominy test bar. 
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FIG 2—Impact transition curves for 5140 steel with variable phosphorus. 
Specimens quenched in oil from 1550°F, tempered for one hour at 1150°F and cooled at the rates indicated in the legend. 


Determination of the 
Transition Ranges 


Longitudinal Charpy specimens with 
a 45° V-notch of 0.010 in. root radius!* 
were used. They were machined in 
groups of four from the central portion 
of the 144 X 21% in. bars. 

The specimens, 0.016 in. oversize, 
were heat treated before grinding to 
size and notching. The base of the 
notch was perpendicular to the longi- 
tudinal direction of the bars, and ex- 
tended between the specimen surfaces 
representing the top and bottom, 244 
in. wide surfaces of the bars. The 
notches were roughed out with a high 
speed steel milling cutter, and finished 
with a carefully ground and checked 
carbide tipped fly cutter. The radii of 
the notches were 0.010 in. and were 
held to a tolerance of +0.001 in. by 
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Table 1. . . Chemical Analyses 


Grade Heat Cc Mn P tS} Si Cr Mo 
5140 2316 0.44 0.73 0.020 0.025 0.26 0.80 
2321 0.39 OL 0.025 N.D.* 0.30 0.80 
2328 0.42 0.76 0.036 N.D.* 0.27 Ona 
Mo-Cr 2332 0.43 0.72 0.025 0.027 0.26 0.71 0.04 
2580 0.41 0.81 0.023 0.020 0.24 0.52 0.11 
2336 0.43 0.73 0.023 0.024 0.20 0.60 0.14 
2337 0.40 0.79 0.021 0.021 0.26 0.44 0.18 
Mo-Cr 2588 0.42 0.81 0.037 0.021 0.23 0.55 0.11 
2593 0.42 0.80 0.041 0.019 0.24 0.50 0.16 


*Not Determined. 


checking every sixth specimen at 50 
diam with an optical comparator. 

The heat treatment consisted of 
quenching in oil from 1550°F, temper- 
ing for one hour at 1150°F and cooling 
at different rates from this temperature 
to 700°F. The cooling rates used were 
approximately 14, 3, and 20°F per 
min., and water quenching. The 3 and 
20°F per min. rates were nominal 
averages of the actual rates between 
1150 and 700°F. The 14°F per min. 


rate was maintained with a program 
controller. All specimens were cooled in 
air from 700°F. 

Specimens of each steel with each 
treatment were broken over a sufficient 
range of temperature to determine the 
transition range. A Sonntag Universal 
impact testing machine of 120 ft-lb 
capacity and a striking velocity of 17 
ft per sec was used. The capacity was 
raised to 240 ft-lb when impact values 
over 90 ft-lb were expected. The data 
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FIG 3—Impact transition curves for molybdenum-chromium steels with 0.021 to 0.025 pct phosphorus. 


Specimens quenched in oil from 1550°F, tempered for one hour at 1150°F and cooled at the rates indicated in the legend. 


are assembled in Fig 2, 3, and 4, in 
which the impact values have been 
plotted against testing temperatures in 
the conventional way. The points 
shown in the figures signify individual 
impact values, not averages. All of the 
data represent completely fractured 
specimens. 

Rockwell C hardness values obtained 
on the impact specimens of the various 
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steels with each cooling rate are listed 
in Table 2. 


Effeet of Phosphorus in 
5140 Steel 


Fig 2 illustrates the changes in 
toughness that attended an increase in 
phosphorus from 0.020 to 0.036 pct in 


5140 steel. Even in the specimens that 
were quenched in water after temper- 
ing, a rise in the transition temperature 
range with increase in phosphorus con- 
tent is to be noted. This agrees with the 
previously noted observations of Jolivet 
and Vidal. As it seems unlikely that 
quenching in water allows sufficient 
time for embrittlement during cooling 
of an impact specimen, this effect of 
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FIG 4—Impact transition curves for molybdenum-chromium steels with 0.037 to 0.041 pct phosphorus. 


Specimens quenched in oil from 1550°F, tempered for one hour at 1150°F and cooled at the rates indicated in the legend. 


phosphorus might be attributed either 
to inherent brittleness of the phos- 
phorus-bearing ferrite phase in tem- 
pered martensite or to embrittlement 
during the period of tempering at 
1150°F. While this question was not 
answered unequivocally, enough work 
was done to show that the result is 
essentially the same in tempering 
periods of one and three hours at 
1150°F. Specimens from the three 5140 
steels were heat treated in the same 
way as the water quenched specimens 
of Fig 2 except that the tempering 
period was extended to three hours. 
The impact transition curves for both 
the one- and three-hour treatments are 
shown in Fig 5. Only slight differences 
in transition were produced in each 
steel by the additional two hours at 
1150°F. These data strongly suggest 
that the increase of phosphorus from 
0.020 to 0.036 pct has raised the 
transition of 5140 steel, even in the 
probable absence of temper brittleness. 

In Fig 2, temper brittleness becomes 
apparent with cooling rates less than 
that of the water quench. To aid in 
visualizing the influence of phosphorus 
(and later the combined effects of 
phosphorus and replacement of chro- 
mium by molybdenum), it seems de- 
sirable to have a numerical value for 
the transition temperature. The diffi- 
culty is the definition of a transition 
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Table 2... . Average Rockwell C Hardness of Impact Specimens 


Rockwell C Hardness, with Cooling Rate of: 
rade Heat Cr Mo ie 
“6 Water 20°F per 3°F per V4°F per 
Quench Min. Min. Min. 
5140 2316 0.80 0.020 29 29 26 26 
2321 0.80 0.025 29 28 27 25 
2328 OTF 0.036 28 27 27 26 
Mo-Cr 2332 OL 0.04 0.025 31 30 29 28 
2580 0.52 0.11 0.023 28.5 28.5 PGR) 26 
2336 0.60 0.14 0.023 30 28 PAE 26 
2337 0.44 0.18 0.021 31 30 30 27 
Mo-Cr 2588 0.55 0.11 0.037 29.5 29.5 28.5 26.5 
2593 0.50 0.16 0.041 31 3 29.5 2 


Table 3. . . Transition Temperatures Read from Fig 2, 3, and 4 at Impact 
Value of 45 Ft-Lb 


Transition Temperature, °F, with Cooling 
Rate of: 
Grade Heat Gr Mo P - 
Water 20°F per 3°F per 14°F er 
Quench Min. Min Min 
5140 2316 0.80 0.020 —100 —55 —35 35 
2321 0.80 0.025 —95 —40 10 Lo 
2328 9-77 0.036 — 60 30 85 160 
Mo-Cr 2332 0.71 0.04 0.025 —105 —60 Tae 10 
2580 0.52 0.11 0.023 —100 =95 =65 —40 
2336 0.60 0.14 0.023 —145 =115 —105 —70 
2337 0.44 0.18 0.021 —145 —120 = 155 —95 
Mo-Cr 2588 0.55 0.11 0.037 — 80 —50 =—25, 20 
2593 0.50 0.16 0.041 —80 —50 —30 —5 


temperature as a single temperature in 
the transition range. Such a definition 
is still a moot question among metal- 
lurgists. The most sensitive values for 
purposes of comparison would lie on the 
steepest portion of the energy curve, 
and, with this in mind, it appears 
possible to define the transition tem- 
perature arbitrarily for the data under 
consideration. 


Inspection of Fig 2, 3, and 4 will 
indicate that the value of 45 ft-lb falls 
near the middle of the steepest portion 
of all the transition curves, and repre- 
sents the relative placement of the 
transition ranges with respect to test- 
ing temperature. The transition tem- 
peratures read from the curves at 45 
ft-lb are assembled in Table 3. The 
authors hold no brief for the value of 
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FIG 5—Comparison of transition curves of 5140 steel with variable phosphorus after one and three hours at 1150°F. 
Specimens quenched in oil from 1550°F, tempered for one and three hours at 1150°F and quenched in water. 


45 ft-lb except to represent this par- 
ticular set of data. All of the experi- 
mental points have been shown in Fig 
2, 3, and 4, so that the reader may 
select his own criterion, should he not 
agree with the authors’. 

Using the transition temperatures 
listed in Table 3, Fig 6 was prepared to 
illustrate the influence of an increase in 
phosphorus in 5140 steel. The ordinate 
is transition temperature, beginning 
arbitrarily at —150°F. Thus the transi- 
tion temperatures indicated by the 
upper ends of the bars are significant, 
but not their length. It might be 
thought desirable to reduce this axis 
to the increase in transition tempera- 
ture of the embrittled as compared to 
the nonembrittled state. This was 
avoided for two reasons. It would not 
show the relation of transition tem- 
perature in the water quenched state 
to the phosphorus content. Secondly, 
the rise in transition temperature 
brought about by an _ embrittling 
treatment may be only a qualitative 
measure of the degree of embrittlement, 
unless the transition temperatures of 
two steels being compared are essen- 
tially the same in the nonembrittled 
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state. At present there is no reason to 
suppose that the same rise in transition 
temperature, if it occurs in quite dif- 
ferent temperature ranges, represents 
an equal change in toughness. 

In Fig 6 the transition temperatures 
of the 0.020 and 0.025 pct P steels are 
essentially alike in the nonembrittled 
state, but show an increasing diver- 
gence as the cooling rate through the 
embrittling range is reduced. The di- 
vergence is small at a cooling rate of 
20°F per min., but is larger with the 
slower cooling rates. The rise in transi- 
tion temperature over the entire series 
of cooling rates is less for the 0.020 pct 
P steel than for the steel with 0.025 pct 
P. In the same figure, the transition 
temperature of the 0.036 pct P steel 
in the nonembrittled state is 40°F 
higher than that of the steels with 
lower phosphorus contents, but the rise 
in transition temperatures over the 
series of cooling rates is 220°F as com- 
pared to 135°F for the steel with 0.020 
pet P and 170°F for the steel with 
0.025 pct P. These observations indi- 
cate that phosphorus is a major cause 
of temper brittleness. 


Effeet of Phosphorus in 
Molybdenum-chromium 
Steels with Hardenability 
Similar to 5140 Steel 


Fig 3 and 4 illustrate the extent to 
which the replacement of chromium 
by molybdenum in 5140 steel counter- 
acts the loss in toughness caused by 
phosphorus. 

In Fig 3 the steels have a phosphorus 
level of 0.021 to 0.025 pct; in Fig 4, 
0.037 to 0.041 pet. With each steel the 
transition temperature rises progres- 
sively as the cooling rate is reduced 
from water quenching to 14°F per min. 
Taken together with the data on 5140 
steels in Fig 2, the impact transition 
curves of the molybdenum-chromium 
steels indicate that the replacement of 
chromium by molybdenum reduces the 
embrittlement caused by phosphorus 
to an extent dependent upon the 
phosphorus level and the amount of the 
replacement. To effect a similar reduc - 
tion in embrittlement, the higher 
phosphorus steels require a greater ad- 
dition of molybdenum than the steels 
with moderate phosphorus contents. 

From the transition temperatures 
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listed in Table 3, Fig 7 has been pre- 
pared to show the combined effects of 
an increase in phosphorus and the re- 
placement by molybdenum of a part 
of the chromium in 5140 steel. For the 
purposes of this comparison, average 
values of the transition temperatures 
were taken for heats 2316 and 2321, 
and for heats 2336 and 2337. The 
trends of transition temperature with 
both phosphorus and molybdenum are 
progressive throughout the data; only 
the transition temperature for the 
water quenched specimens of the 0.11 
pct Mo steel with moderate phosphorus 
falls out of line. In the water quenched 
0.020 to 0.025 pct P series (with the 
exception of the 0.11 pct Mo steel) 
replacement of chromium by molyb- 
denum lowers the transition tempera- 
ture slightly, amounting to about a 
40°F shift for 0.16 pct Mo. In the 
0.036 to 0.041 pct P series, the decrease 
in transition temperature for the same 
molybdenum content is less, amounting 
to about a 20°F shift in transition 
temperature. In each steel, the transi- 
tion temperature in the nonembrittled 
state is raised by increasing the phos- 
phorus content from the moderate to 
the higher level. 

Turning to the evidence for temper 
brittleness shown in Fig 7, temper em- 
brittlement is minimized by molyb- 
denum but not entirely eliminated in 
any of the steels under study. In gen- 
eral, phosphorus increases the mani- 
festation of temper brittleness, and the 
replacement of chromium by molyb- 
denum lowers the transition tempera- 
ture for each phosphorus level and 
cooling rate under consideration. In the 
range of 0.020 to 0.025 pct P, the 
beneficial effect of molybdenum is evi- 
dent at all cooling rates (except the 
water quenched series of the 0.11 pct 
Mo steel). In the 0.036 to 0.041 pct P 
range the difference between no molyb- 
denum and 0.11 pct is considerable, 
but the difference between 0.11 and 
0.16 Mo is evident only in the cooling 
rates of 3 and of 14°F per min. 


Discussion of Results 


One effect of phosphorus is to cause a 
brittleness of tempered martensite 
which appears to be essentially the 
inherent brittleness of phosphorus- 
bearing ferrite so often noted by 
metallurgists. Confirmation of this was 
obtained in the present study of 5140 
steels with 0.020, 0.025, and 0.036 pct P. 
The structural condition of the steel 
was martensite tempered for one and 
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FIG 6—Effect on transition temperature of an increase of phosphorus in 5140 steel. 
Transition temperatures taken from Table 3. 


for three hours at 1150°F, followed by 
quenching in water. While the differ- 
ence in tempering period had little 
effect on the transition temperature at 
each phosphorus level, a definite loss of 
toughness accompanied raising of the 
phosphorus from 0.025 to 0.036 pct. 
If this is caused by temper brittleness, 
nearly maximum temper embrittle- 
ment must have developed during the 
one-hour period of 1150°F. Such rapid 
development of temper brittleness 
seems improbable in view of the slow 
isothermal embrittlement in this tem- 
perature range shown by Pellini and 
Queneau for their high phosphorus 
steel. Thus it seems reasonable to con- 
clude that phosphorus reduced the 
toughness of the tempered martensite, 
in the absence of temper brittleness. 
As deformation in tempered martensite 
occurs by slip in the ferrite phase, this 
loss of toughness is assumed to be the 
already well-known brittleness of phos- 
phorus-bearing ferrite. 

_The inherent brittleness of phos- 
phorus-bearing martensite described 
above appears to be counteracted to a 
slight extent by the replacement of 
chromium by molybdenum in 5140 
steel, as illustrated by Fig 7. With the 
higher phosphorus level, the use of 0.11 
and 0.16 pct Mo in this way lowered 
the transition temperature about 20°F. 
With the lower phosphorus level, the 
steel with 0.11 pct Mo appears to be 


out of line as mentioned earlier; how- 
ever, a recession of the transition to 
lower temperatures may be noted in the 
0, 0.04, and 0.16 pct Mo series. The use 
of 0.16 pet Mo lowered the transition 
temperatures about 40°F as compared 
to 5140 steel. 

The data obtained in this study sub- 
stantiate the evidence presented by 
numerous investigators that phos- 
phorus can cause temper brittleness in 
tempered martensite. Temper brittle- 
ness was observed to depend on phos- 
phorus content in 5140 steel and also 
to a degree in the molybdenum modifi- 
cations of this grade. Using the transi- 
tion temperature as a measure of the 
degree of embrittlement, the suscepti- 
bility to temper brittleness in the 
molybdenum-chromium steels decreases 
as more of the chromium is replaced by 
molybdenum. 

In the 5140 grade chosen for study, it 
has been demonstrated that a good 
tolerance for phosphorus can be ob- 
tained by the use of molybdenum to 
replace a portion of the chromium 
without essential alteration of the 
hardenability of the steel. The desirable 
amount of such replacement would 
depend upon the phosphorus level to 
be expected and the tempering cycle to 
which the steel is to be subjected. In 
commercial alloy steels made by the 
basic open hearth or electric process, 
the ladle analyses for phosphorus are 
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FIG 7—Combined effect on transition temperature of phosphorus and replacement by molybdenum of part of the chromium in 5140 steel. 


usually well below the maximum limits 
permitted by current AISI-SAE speci- 
fications. Because of segregation, how- 
ever, substantially higher levels of 
phosphorus are frequently encountered, 
especially in material from the upper 
central portion of the ingots. It is in 
such material that the beneficial effect 
of replacing chromium by molybdenum 
would be greatest. The extent to which 
loss of toughness due to phosphorus 
segregation can be overcome is demon- 
strated by the 0.16 pct Mo-Cr steel 
with 0.041 pct P which had a lower 
transition temperature than the 5140 
steel with 0.020 pet P when given an 
embrittling treatment, namely, cooling 
at 14°F per min. after tempering at 
1150°F. 


The work reported here has dealt 
entirely with 5140 steel and molyb- 
denum modifications of essentially the 
same hardenability. Similar work is 
already under way on the effect of re- 
placing a part of the manganese by 
molybdenum in 1340 steel, in an effort 
to evaluate further possibilities in the 
development of steels with good toler- 
ance for phosphorus. 
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Transition temperatures taken from Table 3. 


Conclusions 


1. Phosphorus reduces the toughness 
of tempered martensite even in the 
absence of temper brittleness. In 5140 
steel this loss in toughness can be par- 
tially compensated by replacement of 
part of the chromium by molybdenum 
with no essential change in the harden- 
ability of the steel. 

2. Confirmation has been obtained 
of the conclusion of a number of earlier 
investigators that phosphorus accentu- 
ates temper embrittlement of marten- 
site. (Structures other than tempered 
martensite were not included in this 
work.) 

3. The replacement by molybdenum 
of part of the chromium in 5140 
steel materially reduces its suscep- 
tibility to loss of toughness by temper 
embrittlement. 

4. A study of 5140 steels and molyb- 
denum modifications of similar harden- 
ability has shown that replacement of 
part of the chromium by molybdenum 
can be used to improve the toughness 
at phosphorus levels encountered in 
commercial steels. 
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Age hardening alloys are quenched 
from the solution treatment to room 
temperature in order to retain a super- 
saturated solid solution. Some alloys 
age ‘‘naturally”’ in this condition but 
in most alloys aging is induced “‘arti- 
ficially”” by heating to intermediate 
temperatures. Cold working of the 
supersaturated solid solution acceler- 
ates the aging process and quenching 
strains have the same effect. 

The investigation reported here is a 
study of the progress of aging in 
specimens quenched directly from the 
solution treatment to various aging 
temperatures. This procedure reduces 
the temperature interval of quenching 
and the resulting quenching stresses. 
It also eliminates any changes which 
would take place in the undercooled 
sample at room temperature prior to 
aging at an elevated temperature. 
Isothermal aging is thus approached 
and its kinetics may be studied. 

An aluminum-copper and an alu- 
minum-silicon alloy were chosen for 
this investigation. The aging mechanism 
of aluminum-copper alloys is complex 
while the aging of aluminum-silicon 
alloys is nearly ideal. As standards of 
comparison for the samples directly 
quenched to the aging temperature, 
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specimens were also age hardened by 
the usual procedure in which solution 
treated samples are first quenched to 
room temperature and then reheated 
to the aging temperature. 


Review of Previous Work 


The mechanism of age hardening 
has been the subject of a controversy 
which has ranged from the theory of 
outright precipitation of an equilibrium 
phase to theories based on subtle 
changes occurring in the matrix prior 
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to precipitation. A detailed critical 
review of the literature up to 1939 is 
available! and contributions to the 
general theory of age hardening con- 
tinue to be made.?:3 

Age hardening, whatever its mecha- 
nism, involves the nucleation of a 
second phase within a supersaturated 
solid solution. Theoretical considera- 
tions** indicate that the rate of nuclea- 
tion reaches a maximum at an inter- 
mediate temperature below the tem- 
perature at which supersaturation sets 
in. Studies of precipitation at various 
subcritical temperatures have demon- 
strated that the largest property 
changes in a given time occur at such 
intermediate temperatures. & 7.8 

The precipitation of a phase from 
supersaturated solid solution is ac- 
celerated by strains which may result 
from quenching or cold work. Phillips 
and Brick® established that quenching 
strains are an essential condition for 
the age hardening of aluminum-copper 
alloys at room temperature, at least for 
aging periods of less than 30 days. They 
also found that on aging at 300°C. the 
hardness increased faster and reached 
a higher maximum after quenching 
into water than after quenching directly 
to the aging temperatures. 

Fink and Smith! observed pre- 
ferential precipitation on slip bands 
and grain boundaries in aluminum- 
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FIG 1—Electrical resistance as a function of aging time at constant aging temperatures in water quenched 
and directly quenched specimens of an aluminum-copper alloy. 


copper alloys quenched into cold water 
and aged at 200°C while specimens 
aged after quenching into boiling 
water or oil at 153°C showed -pre- 
cipitation throughout the grains. They 
correlated these structural observa- 
tions with hardness-time curves for 
various aging temperatures and con- 
cluded that the rapid hardening of 
specimens quenched into water re- 
sulted from accelerated precipitation 
in regions plastically deformed by 
quenching. Other investigations''"* 
have confirmed that severe quenching 
promotes age hardening compared to 
cooling at slower rates from the solution 
treatment. 
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Experimental Procedure 
and Results 


The alloys were received as hard- 
rolled sheet 0.066 in. thick. They had 
the following compositions: 


Aluminum- Aluminum- 
copper, pct silicon, pct 
Cu 4.13 0.004 
Si 0.002 0.97 
Fe 0.003 0.005 
Mg 0.001 0.001 
Al (by diff.) 95.86 99.02 


Specimens for hardness tests were cut 
from the sheet stock; they measured 
lg by 5¢ in. (aluminum-copper) and 
3¢ by 5¢ in. (aluminum-silicon). Speci- 


mens for electrical resistance measure- 
ments were prepared by wire drawing. 
The aluminum-copper wire measured 
0.0392 + 0.0002 in. in diam and the 
aluminum-silicon wire 0.0385 + 0.0003 
in. For heat treating, the wires were cut 
into equal lengths of about 314 in. 

The solution heat treating and arti- 
ficial aging operations were carried out 
in salt or oil baths heated by electrical 
resistance units. The temperature was 
automatically controlled to +2°C for 
solution treating and to +1°C for 
aging. At and above 200°C a special 
heat treating salt mixture was used; at 
125° and 70°C a light mineral oil 
proved suitable. 
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FIG 2—Electrical resistance as a function of aging time at constant aging temperatures in water quenched 
and directly quenched specimens of an aluminum-silicon alloy. 


The solvus temperature is approxi- 
mately 515°C for aluminum containing 
4.13 pet copper!® and 525°C for alu- 
minum containing 0.97 pct silicon.” 
The aluminum-copper alloys were solu- 
tion treated at 524°C and the alu- 
minum-silicon alloys at 535°C for a 
period of 6 hr. In preliminary experi- 
ments the hardness of water quenched 
aluminum-copper samples became ap- 
proximately constant after 3 to 4 hr of 
solution treatment at 521°C. No un- 
dissolved second phase could be found 
by metallographic examination. Speci- 
mens treated for 10-12 hr showed 
marked grain growth. 

After 6 hr of solution treatment one 
wire and one rectangular specimen 
were transferred rapidly to the aging 
bath. These will be referred to as 
directly quenched specimens. Another 
wire and rectangular specimen were 
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quenched in water at 20° + 1°C and 
were then placed in the aging bath. 
The directly quenched specimens aged 
at 70°C were quenched into water at 
that temperature and transferred to 
an oil bath for aging. Aging treatments 
of less than 20 min. were timed to 
within a few seconds and similar pre- 
cision was maintained for longer aging 
times. The specimens were staggered 
so that only one rectangular and one 
wire sample were ready for testing at 
a time. 

The specimens were quenched from 
the aging furnace in water at 20°C. 
Each wire was removed from the water 
bath after 10-15 sec and its electrical 
resistance measured. The hardness 
was then determined on the rectangu- 
lar specimen. This small delay did not 
appreciably affect the hardness. For 
specimens aged less than 5 min., the 


schedule was modified so as to allow 
almost immediate determination of 
resistance and hardness. 

Electrical resistances were measured 
on a Kelvin double bridge using an 
effective specimen length of 2.376 in. 
The resistances were determined in 
microhms and are so reported here. 
Care was exercised not to deform or 
mar the wires, and any variations in 
tension applied by the holder were 
negligibly small. 

The Rockwell F scale could be used 
with good reproducibility on the 
aluminum-copper samples, but was un- 
satisfactory for the aluminum-silicon 
alloys. All hardness values were there- 
fore determined by superficial hardness 
tester on the Rockwell 15-T scale. 
Hardness readings on the same speci- 
men of aluminum-copper alloy agreed 
within two or three points, but the 


AUGUST 1949 


fo 
oe) 


on ® 
oO Oo 


HARDNESS - ROCKWELL I5-T 
(2) 


0.2 | 


TIME OF AGING - 


© 0) 
>a eae ner cae we ea 


a 
——+4 aoe 


Te) 100 


MINUTES 


1,000 


10,000 


FIG 3—Hardness as a function of aging time at constant aging temperatures in water 
quenched and directly quenched specimens of an aluminum-copper alloy. 


spread obtained with the aluminum- 
silicon specimens was large. Five, and 
occasionally six, separate readings were 
taken on each specimen in a stand- 
ardized geometrical pattern. Only the 
averages of these readings are reported. 

Both alloys were aged at 70, 125, 
200, 250, 300, 350, 400 and 450°C. 
Fig 1-5 report all observed values 
graphically. 


Diseussion of Results 


SOURCES OF ERROR 


Measurements of hardness and re- 
sistance were made at room tempera- 
ture on separate samples for each 
aging temperature and time. Aside 
from experimental advantages, this 
procedure made it possible to compare 
all data directly without reducing them 
to a common temperature. It should 
be kept in mind that each point plotted 
in Fig. 1-5 represents a different 
specimen. 
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The data obtained for aging tem- 
peratures above 300°C fit simple curves 
well. The observed values become less 
regular for aging below 300°C and are 
somewhat erratic at 125° and 70°C. 

The resistance and hardness of 
samples in the water-quenched con- 
dition before aging were also deter- 
mined. While the hardness values 
showed good agreement, the resistance 
values were spread over a considerable 
range, probably owing in large measure 
to variations in the quenching action. 
It is known?®:! that the quenching rate 
affects the properties of aluminum 
alloys in the water quenched condition 
much more than after aging. 


GENERAL FEATURES OF AGING 
CURVES 


The aging curves (Fig 1-5) show the 
effects of aging temperature, type of 
quench and alloy composition on the 
aging process. Before discussing these 
factors individually, some general fea- 
tures of the curves will be considered. 


The first statement is general; the com- 
ments under (2) to (5) refer only to 
aging at 200°C and above, while the 
curves for 70° and 125°C are discussed 
under (6) and (7). 

1. The changes in hardness and in 
electrical resistance are not directly 
comparable even for the same time and 
temperature of aging. Aside from the 
different nature of hardness and elec- 
trical resistance, in this investigation 
the two properties were measured on 
specimens of different size and shape. 
The resulting different quenching 
strains complicate any comparison by 
an additional variable. 

2. The electrical resistance reaches 
steady values after sufficiently long 
aging. These values vary with the 
aging temperature, but are nearly 
equal at any temperature for water 
quenched and directly quenched sam- 
ples. This applies to both alloys. 

3. The resistance of the aluminum- 
copper alloy decreases sooner after a 
water quench than after a direct 
quench. At 250° and 300°C the de- 
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FIG 4—Hardness as a function of aging time at constant aging temperatures in water 
quenched and directly quenched specimens of an aluminum-silicon alloy. 


crease in resistance slows down more 
in the water quenched than in the 
directly quenched specimens toward 
the end of the aging period so that 
the curves cross. 

4. The resistance of water-quenched 
aluminum-silicon alloys decreases very 
rapidly at temperatures above about 
250°C; a large fraction of the total 
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decrease occurs in the first minute of 
aging. The decrease in resistance of 
directly quenched aluminum-silicon 
alloys begins slowly and requires con- 
siderable time for its completion. 

5. The alloys harden more rapidly 
after a water quench than after a direct 
quench. The maximum hardness of the 
water quenched specimens exceeds 


that of the directly quenched speci- 
mens in most cases. The difference in 
the rate of hardening and in the maxi- 
mum hardness reached tends to be 
larger in the aluminum-silicon than 
in the aluminum-copper system. 

6. The difference in quenching inter- 
val between water quenching and 
direct quenching decreases as the aging 
temperature is lowered, but even at 
70°C the two quenching treatments do 
not lead to identical results in all 
respects. Regardless of the type of 
quench the resistance of aluminum- 
copper alloys aged at 125° and 70°C 
decreases slowly, possibly after a small 
initial rise. During the aging times 
used the resistance of the aluminum- 
silicon alloys undergoes no change as 
the result of aging at 125° and 70°C. 

7. The hardness of aluminum-copper 
alloys increases slowly with aging at 
125° and 70°C. At the latter tempera- 
ture the directly quenched samples 
lead by a small margin over the water 
quenched samples. This fact is con- 
sistent with the observation of Gayler!* 
who found that quenching into boiling 
water promoted the age hardening at 
130°C of an aluminum alloy containing 
4 pct copper more effectively than 
quenching into cold water. The be- 
havior of the hardness of the aluminum- 
silicon alloys aged at 125° and 70°C is 
particularly interesting; the directly 
quenched samples show no change 
during the longest periods of aging 
employed while the water quenched 
samples increase steadily in hardness. 


THE EFFECT OF AGING 
TEMPERATURE 


Fig 6 and 7 show the total changes in 
resistance of the aluminum-silicon 
alloys against the aging temperature 
for different times. The plotted points 
are taken from the curves in Fig 2 and 
5. Resistance-temperature curves for 
aluminum-copper alloys show the same 
pattern as the aluminum-silicon alloys 
although in a less pronounced manner. 
For each aging period the decrease in 
resistance reaches a maximum at some 
intermediate temperature. As the aging 
period is lengthened the maxima be- 
come more marked. They also shift to 
lower temperatures because the deple- 
tion of solute from the solid solution 
causes the reaction to reach a maxi- 
mum at lower temperatures where a 
sufficient degree of supersaturation can 
be expected. 

The hardness-temperature curves 
were simple only for water-quenched 
aluminum-silicon alloys (Fig 8). The 


AUGUST 1949 


MICROHMS 


' 2800 
tu 2600 
= 2400 


RESISTA 


"RESISTANCE 


“RESISTANCE 
Al- Si 


HARDNESS 


Al - 


HARDNESS 


A 
Se es ——A_— 4.4, Ag 


DIRECT Qu NCH” A 


0.0l 0.1 


TIME OF AGING - 


A 


| Le) 100 


HOURS 


Cu 


HARDNESS - ROCKWELL 


4 4 


1.000 10,000 


FIG 5—Electrical resistance and hardness as functions of aging time in water quenched and directly quenched specimens of an 
aluminum-copper alloy and an aluminum-silicon alloy aged at 70°C. 


hardness peak was attained at lower 
temperatures as the aging period was 
lengthened. Hardness curves for alu- 
minum-copper and directly quenched 
aluminum-silicon alloys did not show 
such a simple pattern. 

Chevenard, Portevin and Waché® 
found a maximum hardness value at 
200°C for a water-quenched aluminum 
alloy containing 0.63 pct silicon and 
0.13 pet iron aged 8 hr. This value is 
in good agreement with the corre- 
sponding result of the present investi- 
gation. In experiments of Jetter and 
Mehl!4 with aluminum-silicon alloys a 
maximum of initial dilation against 
temperature of aging seemed to be 
approached at 236°C which was the 
upper temperature limit of their 
observations. 

The temperatures for maximum total 
change in resistance (Fig 6 and 7) are 
not necessarily identical with the tem- 
peratures for maximum rates of re- 
sistance changes. In fact there is no 
satisfactory method of defining these 
rates in a manner which would allow 
an absolute comparison between dif- 
ferent aging temperatures. The termi- 
nal solubility of copper and silicon in 
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aluminum increases with temperature 
and the resulting resistance of the 
saturated solution increases also. The 
change in resistance is therefore smaller 
the higher the aging temperatures. 

A comparison on the basis of the 
completion of a specified fraction of 
the aging reaction is not a comparison 
in absolute terms. It implies that the 
aging curves have or should have simi- 
lar shapes. For complex reactions in 
the solid state this assumption is not 
warranted. Nevertheless such arbitrary 
measures of the rate as the time re- 
quired for half the total reaction are 
of some value and have been used for 
finding activation energies. 


ACTIVATION ENERGIES 


The rate of the aging process may 
be expressed by the equation 


r= cexp — 7 
In this equation the reaction rate r 
must be measured by some arbitrary 
standard such as the reciprocal of the 
time required for one-half of the total 
change in resistance or the reciprocal 
of the time required to reach maximum 
hardness. Q is the activation energy for 


the over-all process, T is the tempera- 
ture and R and ¢ are constants. 

The activation energy may be found 
from a plot of the logarithm of the rate 
against the reciprocal of the absolute 
temperature. Such curves were straight 
in the temperature range of 200—250°C, 
and in some instances up to 300°C. At 
higher temperatures some of the curves 
became erratic, but in most cases they 
bent back toward the abscissa. This 
behavior is to be expected from the 
eventual reversal of the aging rate with 
increasing temperature. 

The activation energies determined 
from the straight portions of the curves 
are listed in Table 1. In every instance 
the activation energy was larger for 
the water-quenched than the directly 
quenched alloy. The faster aging rate 
of the water-quenched samples there- 
fore must have been due to differences 
in the value of the factor c. 

Guy, Barrett and Mehl” found that 
the activation energy for precipitation 
in the copper-beryllium system is less 
than the activation energy for diffusion 
of beryllium in copper. A similar rela- 
tion had been noted by Jetter and 
Mehl*4 in their investigation of alu- 
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FIG 6—Electrical resistance of water quenched specimens 
of an aluminum-silicon alloy as a function of temperature at 
constant aging times. 


Table 7 «3. 


Activation Energies (in 
Calories) 

Based on Based on 
Resistance Hardness 


Alloy 


Water | Direct | Water | Direct 
Quench] Quench] Quench} Quench 


Aluminum- 


copper..... 30,500 | 24,100 | 34,200 | 25,100 
Aluminum- 
silicon...... 24,300 | 15,900 | 24,100 | 22,900 


minum-silicon alloys. In the investiga- 
tion reported here this relation between 
activation energies of diffusion and of 
aging was confirmed. 


THE EFFECT OF QUENCHING 


As stated in the description of ex- 
perimental procedure, the directly 
quenched samples aged at 70° and 
125°C were quenched into media which 
were different from those used with all 
other directly quenched specimens. 
While the latter were transferred from 
the solution bath into the salt bath 
and remained there for aging, the 
specimens aged at 125°C were quenched 
into a bath of oil in which they were 
aged and the specimens aged at 70°C 
were quenched into water at that tem- 
perature and aged in oil. This difference 
in quenching procedure is one reason 
why the quenching stresses cannot be 
considered as continuous or simple 
functions of the aging temperature. 
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The sequence of molten salt (200°C 
and over), oil (125°C) and water 
(70°C), however, parallels the increase 
in quenching severity resulting from 
the decrease in temperature. A correla- 
tion of all runs on the basis of decreas- 
ing temperature is therefore reasonable. 

While the final values of the resist- 
ance of water quenched and directly 
quenched samples are alike for any 
aging temperature, the rates at which 
these values are approached are 
generally more rapid after water 
quenching than after quenching 
directly to the aging temperature. This 
accelerating action of water quenching 
is particularly pronounced in the 
medium temperature range of aging. 
The water quench also accelerates the 
rate of hardening and with some 
minor exceptions raises the maximum 
hardness obtainable. 

The accelerating effect of the water 
quench may be owing to one or both 
of two causes. In the first place, the 
number of available nuclei is larger at 
room temperature than at elevated 
temperatures according to Becker’s 


~ analysis of nucleation.* This is a simple 


effect of temperature. Secondly, rapid 
cooling by quenching into water pro- 
duces thermal stresses and the resulting 
strains create favorable regions for the 
progress of age hardening. This effect 
results from the rapid change in 
temperature. 

The number of nuclei is larger at 


room temperature than at elevated 
aging temperatures because the critical 
radius for a stable nucleus decreases as 
the temperature is decreased. The 
greater undercooling and the greater 
degree of supersaturation with a reced- 
ing solvus cooperate toward this de- 
crease in critical nucleus size. In order 
to be effective in subsequent aging at 
elevated temperatures, however, the 
nuclei must remain in existence. They 
must, therefore, grow at room tem- 
perature or during heating so that they 
will not be below the critical size 
characteristic of the higher temperature. 

If it is assumed that even a fraction 
of the nuclei existing at room tem- 
perature survives on heating, a diffi- 
culty arises from the generally accepted 
explanation of the phenomenon of retro- 
gression or restoration. According to 
this explanation the property changes 
of an alloy aged at room temperature 
revert partially in the direction of the 
unaged state because on heating active 
aggregates go again into solution. 
Since the nuclei resulting from a short 
period at room temperature are smaller 
than the aggregates resulting from 
long-time aging at this temperature, 
they can be expected to resist the 
effects of higher temperature less 
strongly. 

A difference exists between room- 
temperature age hardening and room- 
temperature nucleation: the matrix 
surrounding the hardening aggregates 
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FIG 7—Electrical resistance of directly quenched speci- 
mens of an aluminum-silicon alloy as a function of temperature 
at constant aging times. 


approaches closer to the equilibrium 
state than does the matrix which sur- 
rounds the nuclei existing at room- 
temperature. The supersaturated ma- 
trix may have a stabilizing effect on 
the nuclei which is absent in the matrix 
after aging. Whether such a stabilizing 
effect is sufficiently strong to protect 
small nuclei at a temperature where 
retrogression would occur is open to 
question. It can be stated with cer- 
tainty only that the effect of room 
temperature on nucleation favors the 
aging of quenched alloys to whatever 
extent nuclei survive upon reheating. 

An alternative or additional explana- 
tion of the acceleration of aging caused 
by water quenching is based on the 
effect of strains on the age hardening 
process. Plastically deformed regions 
are regions of instability. Their high 
energy favors any rearrangement which 
tends toward a more stable condition. 
In addition to explaining the increase 
_in the rate of aging, strains can also 
explain the greater total hardness 
obtained by water quenching than by 
direct quenching. Following an argu- 
ment of Fink and Smith,!° the increase 
in hardness results from the presence 
of zones of preferential aging through- 
out the grains; the spread in time 
between aging at the grain boundaries 
and in the bodies of the grains is thus 
reduced and this causes a more con- 
centrated aging effect and greater 
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hardness. It should be emphasized, 
however, that a corresponding argu- 
ment can be based on the nucleation 
effect of low temperatures. 

It may be argued that the effects of 
strains are removed on reheating to 
elevated aging temperatures. Hart- 
nagel!? concluded from his work that 
relief of quenching stresses takes place 
and this is also to be expected from 
the work of Kempf and Van Horn”? on 
residual stresses in aluminum alloys. 
Regardless of the relief of residual 
stresses during aging, the plastic 
strains due to the thermal shock of 
quenching create regions of instability 
in which the aging process takes place 
preferentially. In fact, the process by 
which the effects of plastic deformation 
are relieved in age hardening is proba- 
bly closely related to the aging process. 


THE EFFECT OF ALLOY 
COMPOSITION 


When the aging curves of the two 
alloys are compared, several differences 
become apparent. Except for aging at 
125° and 70°C, the electrical resistance 
of water quenched aluminum-silicon 
specimens decreases more rapidly than 
that of the water quenched aluminum- 
copper specimens. The rates of harden- 
ing behave correspondingly, although 
to a less marked degree. At the two 
lowest aging temperatures the water 


quenched aluminum-silicon alloy aged 
less rapidly than the aluminum-copper 
alloy, especially when considered in 
terms of the first appreciable aging 
effect. 

The directly quenched samples of 
both alloys changed in resistance and 
in hardness at comparable rates at most 
temperatures but the directly quenched 
aluminum-silicon alloys showed almost 
no effect of aging at 125° and 70°C. 

With minor exceptions the accelerat- 
ing effect of water quenching is thus 
more marked for the aluminum-silicon 
than for the aluminum-copper alloy. 
This observation must be interpreted 
in the light of the fact that the age 
hardening mechanism is simpler in the 
aluminum-silicon than in the aluminum- 
copper system. 


Summary and Conelusions 


Two alloys of aluminum were aged 
at various temperatures after quench- 
ing from the solution treatment directly 
to the aging temperatures and also after 
first quenching into water. The progress 
of the aging reaction was followed by 
electrical resistance and by hardness 
measurements. 

The absolute amount of change in 
electrical resistance as a function of 
the aging temperature went through a 
maximum. This was true for both 
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FIG 8—Hardness of water quenched specimens of an alumi- 
num-silicon alloy as a function of temperature at constant 
aging times. 


alloys and regardless of the type of 
quench, given a certain minimum time 
of aging. The change of hardness be- 
haved similarly although some of the 
curves were of complicated shape. It 
may also be concluded that the age 
hardening rates went through maxima 
at intermediate temperatures, although 
no absolute basis exists for comparing 
these rates at different temperatures. 
At most temperatures water quench- 
ing greatly accelerated the rate of aging 
compared to directly quenched samples. 
This accelerating effect is the result of 
strains caused by the thermal shock of 
quenching assisted to an unknown ex- 
tent by the effect which exposure to 
room temperature has on nucleation. 
At most temperatures the water- 
quenched aluminum-silicon alloy aged 
more rapidly than the aluminum-cop- 
per alloy, while the directly quenched 
alloys aged at comparable rates. At the 
two lowest aging temperatures, how- 
ever, the water quenched aluminum- 
silicon alloy aged less rapidly than the 
aluminum-copper alloy and the direct- 
ly quenched aluminum-silicon alloy 
showed almost no effect of aging. At 
most temperatures, the accelerating 
effect of water quenching over direct 
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quenching is larger for aluminum-silicon 
than for aluminum-copper alloys. 
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Low Pressure Distillation of Zine 
from Al-Zn Alloy’ 


MAX J. SPENDLOVE}; and HILLARY W. ST. CLAIR,+ Junior Member AIME 


Introduction 


The problem frequently arises, par- 
ticularly in refining metals or smelting 
scrap metals, of separating metals in 
the metallic state. Many metals may 
be separated by taking advantage of 
their difference in vapor pressure. Such 
separations can be made at atmospheric 
pressure, but the separations are much 
more selective and can be carried out at 
considerably lower temperatures if the 
distillation is done at pressures of a few 
millimeters or less in an evacuated en- 
closure. Until recently, this has not 
been considered feasible as a metal- 
lurgical operation, but the recent im- 
provements that have been made in 
vacuum technology have broadened the 
applicability of vacuum processes and 
have prompted re-examination of low- 
pressure distillation of metals as a 
practicable process. The distillation of 
zinc from lead is one separation that 
has already been reduced to practice.! 

This paper is the first of a series of 
studies being made on separation of 
nonferrous metals by distillation at 
low pressures. Although these experi- 
ments were confined to the separation 
of zinc from aluminum, the significance 
of the results is by no means confined to 
these two metals. The purpose has been 
to investigate a metallurgical technique 
rather than merely to devise a means of 
separating specific metals. 

The experimental work on distilla- 
tion of zinc from zinc-aluminum alloys 
at reduced pressure grew out of earlier 
work on distillation at atmospheric 
pressure.? The earlier work indicated 
that it would not be practicable to 
decrease the zinc in the alloy much 
below 10 pct owing to the high tem- 
perature required. Therefore attention 
was turned to distillation at low pres- 
sures, at which lower temperatures are 
required. After preliminary tests were 
made in a small, evacuated tube fur- 
nace, a larger furnace having a capacity 
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of 100 to 150 lb of metal per charge was 
constructed. Distillation tests were first 
made on pure zinc and then on alu- 
minum-zine alloys of various composi- 
tion. Particular attention was given to 
the limit to which zinc could be reduced 
in the residual metal. Data were also 
taken on the rate of evaporation, and 
heat balances were made for both the 
crucible and the condenser. 


Distillation Furnace 


The vacuum-distillation unit is illus- 
trated schematically in Fig 1. The 
major components are the induction 
furnace, the condenser, the vacuum 
system, and the power-conversion unit. 
Power is supplied to the induction fur- 
nace from a 50-kw 3000-cycle motor- 
driven alternator. The pressure in the 
furnace is reduced by a vacuum pump 
having a nominal pumping speed of 10 
liters per sec. When in operation, the 
metal vapors travel upward from the 
furnace to the water-cooled condenser 
where they are collected in amounts of 
50 to 100 lb. The condenser is removed 
with aid of an electric hoist. When the 
system is under vacuum, the condenser 
is made self-sealing by a rubber gasket 
between the smooth-faced, water- 
cooled flanges at the top of the furnace 
and the bottom of the condenser. The 
pressure of the atmosphere is more than 
sufficient to insure sealing. At the con- 
clusion of an experiment, the residual 
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metal can be removed from the furnace 
by removing the condenser and tilting 
the furnace with the electric hoist. The 
metal was cast into the molds carried 
on a mold truck. A photograph of the 
furnace and auxiliary equipment is 
shown in Fig 2. 

The details of the vacuum furnace 
are illustrated in Fig 3. The furnace 
proper is made vacuum-tight with 
rubber gaskets placed at each end of a 
fused quartz cylinder. A clamping plate 
at the bottom and a ring at the top are 
made to squeeze the rubber between 
the metal and the end of the quartz 
tube. A large graphite crucible placed 
inside the quartz cylinder is thermally 
insulated and physically supported by 
refractory insulating bricks. A thermo- 
couple in a quartz protection tube is 
located at the bottom of the crucible; 
the leads pass through a rubber seal in 
the bottom plate. The supporting struc- 
ture for the furnace is an angle iron 
frame with transite board sides. 

The condenser is made in the form 
of a water jacketed cylinder with an 
opening to the vacuum line at the top. 
The bottom has a projecting skirt 
inside the machined flange to provide 
additional cooling for the rubber 
gasket. Condenser sleeves are made in 
the form of two semicylindrical pieces 
of sheet metal that fit snugly inside 
the cooling jacket. The split sleeve 
facilitates removal of the condensate. 


Measurement of Tempera- 
ture and Pressure 


The metal temperature was meas- 
ured by a platinum-platinum rhodium 
thermocouple inserted in a well extend- 
ing up into the bottom of the graphite 
crucible. During rapid evaporation 
there is a wide difference in tempera- 
ture between the surface and the main 
body of metal in the crucible because 
of the large amount of heat that must 
be conducted to the surface to supply 
the heat of evaporation. The heat of 
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FIG 1—Diagrammatic sketch of equipment for vacuum distillation. 


1. Induction furnace 
2. Condenser 

3. Vacuum pump 

4. Control panel 

5. Televac 


6. McLeod gauge 

7. Dust trap 

8. Electric hoist 

9. Mono-rail jib crane 
10. Mold truck 


FIG 2—Vacuum distillation furnace. 


evaporation amounts to about 200,000 
cal per lb of zinc. The temperature 
gradient required for conducting heat 
to the surface, neglecting the effect 
of stirring of the melt due to induced 
currents in the metal, will be of the 
order of 10 to 30°C per cm. Therefore, 
during rapid evaporation, the tem- 
perature of the main body of the melt 
as measured by the thermocouple at 
the bottom of the crucible may be as 
much as 100°C higher than the surface 
temperature. Nevertheless, the tem- 
perature of the metal is quite sensitive 
to changes in the temperature at the 
surface and gives a fairly accurate 
representation of relative temperature 
changes at the surface even though the 
actual recorded temperatures are con- 
‘siderably higher. 
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The pressure in the system was meas- 
ured by a McLeod gauge and by a 
thermocouple gauge connected to the 
recording potentiometer. The vacuum 
indicated by the potential across the 
thermocouple gauge was checked fre- 
quently by the McLeod gauge. Dust 
filters and cold traps, cooled with dry 
ice, were placed between the vacuum 
gauge manifold and the vacuum line. 
A Pirani gauge was used for leak 
detection. A small jet of helium was 
passed over the walls where leaks 
might occur. When the stream of 
helium impinged against the leak, the 
Pirani gauge would indicate a sudden 
rise in pressure. 

The pressure indicated by the 
vacuum gauge is the partial pressure 
of the residual gas in the system. There 


is no way of directly measuring the 
partial pressure of the zinc vapor. 
During evaporation the partial pres- 
sure of the residual gas in the region 
between the metal and the condenser 
is much lower than is indicated by the © 
vacuum gauge because the zinc vapor 
tends to sweep the residual gases 
toward the condenser. In other words, 
the zinc vapor acts as a diffusion pump, 
removing gases from the crucible and 
discharging them at the condenser. 
Therefore, during rapid evaporation 
the vapor above the metal is virtually 
all zinc vapor. The pressure of the 
residual gases indicated by the vacuum 
gauges applies only to the condenser 
and the lines to the vacuum pump. 


Experimental Procedure 


Weighed amounts of zinc or zinc 
and aluminum were melted together 
in the carbon crucible preceding the 
test. After the metals were thoroughly 
melted and blended, a sample was 
taken for chemical analysis. The con- 
denser and baffle were put in place 
and the metal was allowed to freeze 
before the system was evacuated. If 
this precaution was not taken, the 
rapid evolution of gas from the molten 
metal during initial stages of evacu- 
ation sometimes caused spattering of 
the alloy into the condenser. After 
the system was evacuated, the metal 
was remelted, and the power was in- 
creased to the desired level. The flow 
of cooling water to the condenser was 
regulated during the test to keep the 
temperature of the water leaving the 
condenser less than about 90°C. 
The flow of water was measured by a 
rotameter. At the conclusion of a test 
the condenser was removed from the 
furnace and allowed to cool. Samples 
were taken from the condensate and 
the residual metal for chemical analysis 
and the condensate and residual metal 
were weighed. 

Experiments 1 to 6 were made with 
charges of pure zinc. The purpose of 
these tests was to remedy any oper- 
ating difficulties before introducing 
the aluminum and to obtain data on 
pure zinc for comparison with those 
to be obtained on zinc-aluminum 
alloys. 

After the preliminary tests, cylin- 
drical sleeves were placed in the con- 
densing chamber to permit easy re- 
moval of the condensate. These sleeves 
were painted before each test with a 
thin paste of lampblack and water to 
prevent the condensate from adhering 
to the sleeve. The paste was allowed 
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to dry before placing the sleeves in 
the furnace. 

Radiation baffles were placed be- 
tween the crucible and condenser to 
prevent direct radiation of heat to 
the condenser and to equalize the 
distribution of condensate. Three types 
of baffles were tried as shown in Fig 4. 
The baffles were constructed of iron 
and painted before each experiment 
with lampblack to protect the iron 
from the hot zinc vapor. 

Experiment 1 was run without the 
radiation baffle. The deposit was clean 
and fairly dense but showed evidence 
of refluxing. The condensate from 
experiment 3, with a_ single-deck 
baffle in place, was cleaner, denser, 
and showed no evidence of refluxing. 
Improvements in the condensing sleeve 
were worked out in experiments 3 and 
4. In these experiments the single-deck 
baffle directed most of the vapors to 
the lower portion of the condenser, 
thereby constricting the path of the 
vapor as the deposit grew out from 
the walls. In experiment 5 the baffle 
was inverted to direct the flow of vapor 
higher into the condenser. This change 
overcorrected the distribution, result- 
ing in excessive condensation at the 
top of the condenser and clogging the 
exit to the vacuum line. In experiment 
6, a two-deck baffle was made and 
placed within the condenser as shown 
in Fig 4. This baffle gave a fairly uni- 
form deposit. Although baffles were 
useful in this furnace, it is doubtful 
that they are absolutely necessary. 
The same effects doubtless could be 
reached by properly proportioning the 
diameters of the upper part of the 
crucible and the condenser. 

The metal temperature provides a 
good indication of what is happening 
in the distillation furnace. As the 
temperature reaches the melting point, 
an arrest is indicated on the tempera- 
ture chart. The temperature climbs 
steeply until it reaches the point at 
which evaporation begins; then, as the 
heat supplied is gradually offset by 
the heat required for evaporation, the 
temperature levels and remains nearly 
constant for the remainder of the test. 
The beginning of distillation is also 
marked by a sudden rise in the tem- 
perature of the cooling water from the 
condenser as heat is transferred to the 
condenser by the zinc vapor. A typical 
temperature curve for the metal tem- 
perature is shown in Fig 5, together with 
a corresponding curve showing the var- 
iation of temperature of the cooling 
water from the condenser. It will be ob- 
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served that thetemperature rises linearly 
after melting, as shown by section AB. 
The beginning of evaporation is indi- 
cated by C, the point at which the 
temperature curve begins to break 
away from AB. It will also be observed 
that the temperature of the cooling 
water starts to rise at the melting point 
and then begins to rise abruptly as the 
temperature reaches C. The rate of 
evaporation in each experiment was 
calculated, using point C as a starting 
point. 


Distillation Tests on Pure 
Zine 


Six tests were made on distillation 
of pure zinc (99.99 pct Zn); the data 
for these tests are summarized in 
Table 1. 

Evaporation began when the metal 
temperature reached about 470°C. 
The maximum metal temperature 
during evaporation was determined 
chiefly by the power input; for an 
input of 10 kw, the temperature leveled 
at about 500°C and for 30 kw at 
about 550°C. The metal temperature 
was also influenced by the distance 
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FIG 3—Cross-section of 50 kw distillation 


furnace. # 
. Split condenser 7. Induction coil 
sleeve 8. Quartz tube 
Radiation baffle 9. Insulation 
. Water jacket 10. Quartz thermo- 
To vacuum pump couple well 
. Rubber seal 11. Graphite crucible 
. Furnace pivot 12. Vapor ‘path 


NOB wh 


INVERTED BAFFLE 


UPRIGHT BAFFLE 


FIG 4—Arrangement of baffles between crucible and 
condenser. 
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between the evaporation and con- 
densing surfaces and by an obstruction 
to the flow of vapor to the condenser. 
This effect is shown by the temperature 
curves for tests 3, 4, 5, and 6 shown 
in Fig 6. Tests 3 and 4 were run with 
the single-deck baffle. This baffle con- 
stricted the flow of the vapor as it 
left the crucible and directed it toward 
the walls of the condenser. Most of the 


zinc condensed as large clusters of 


E. Vacuum take-off 
F. Metal surface 
G. Single-deck baffle 


crystals in the lower part of the con- 
denser. In test 5 the baffle was inverted 
as shown in Fig 4, thereby constricting 
the flow even more than in tests 3 and 
4 and directing the vapor to the top 
of the condenser. This caused the 
temperature to rise to 540°. The 
double-deck baffle used .in test 6 
offered much less impedance to the 
vapor flow and caused more uniform 
distribution of the deposit. This ex- 
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FIG 5—Furnace temperature and cooling water temperature 


during typical distillation test. 


Table 1. . . Distillation Tests on Molten Zinc 


Number 


Power inputs. KWo cine eee oe eae 
Duration camin. 2.0. ces ees be Sek aw 
bees Gistallod Ubi. 5.55. Fas) oe ee Raroes < 
Metal temp., avg. °C at which evap. 

SCALES ere raperastereemeteneccee toners icin os) =) i<is 
Final pressure, mm Hg............ 
Rate of evaporation, lb per min.... 
Power consumption kw-hr per lb.... 


plains the low average metal tem- 
perature during test 6. The tempera- 
ture first leveled slightly above 470°; 
during the early part of the test the 
vapor traveled only a very short 
distance before it was condensed. As 
the zinc gradually condensed higher 
on the walls of the condenser where 
cooling was more effective, the tem- 
perature of the metal gradually rose 
to 500°C, the same as for test 3. 

Referring to Table 1, it will be 
noted that the rate of evaporation is 
related more directly to the power 
input than to the metal temperature. 
This is not surprising since the rate of 
evaporation is determined by the 
rate at which heat is conducted to 
the surface of the metal; the metal 
temperature automatically adjusts it- 
self to bring the two in balance. The 
relationship between rate of evapora- 
tion and metal temperature will be 
discussed again later. 


Distillation Tests on Zine- 
aluminum 


Six distillation tests were made on 
zinc-aluminum alloy containing about 
80 pct zinc. The alloy was made up of 
commercially pure aluminum (99.89 
pet Al) and pure zinc. The zinc and 
the aluminum were melted and heated 
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until the aluminum was dissolved. The 
melt was then skimmed thoroughly 
before the condenser was placed on 
top of the furnace. In the first series 
of tests, only 60 to 80 pct of the zinc 
was distilled. Tests were made with 
the power input adjusted to 10, 20, 
30 kw, respectively. Temperature of 
the metal, pressure of the system, and 
temperature of the cooling water of 
the condenser were all recorded auto- 
matically on a_ strip-chart potenti- 
ometer. A photograph of the chart for 
test 9 is shown in Fig 7. The chart is 
calibrated to read the furnace tem- 
perature directly in hundreds of de- 
grees centigrade. The pressure and 
water temperature are recorded on 
the same chart in arbitrary units. 
Several actual values for the water 
temperature and pressure are shown 
on the chart. The horizontal lines indi- 
cate ten minute intervals. 


In this test it will be observed that 


the metal temperature, which had been 
raised to about 700°C to dissolve the 
aluminum, dropped abruptly as soon 
as the vacuum pump was started. The 
rapid cooling of the metal is a result 
of rapid evaporation. When the power 
was turned on the metal gave off dis- 
solved gases and the pressure in the 
system rose from 80 to 130 microns, 
then gradually decreased to about 
90 microns as the metal was degassed. 

The water-temperature variations 
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FIG 6—Metal temperatures for tests 3 to 6 showing effect of 


baffles. 


were a result of manual adjustment 
of the flow of cooling water. It was 
intended that the water should remain 
at 80°C but the valve adjustment was 
too coarse to permit accurate control 
during this test. 

The undulations in the metal tem- 
perature are interesting. They were 
always observed when the temperature 
of the metal was in the liquidus-solidus 
range. They are explained as follows: 
As evaporation continues, the zinc in 
the melt is decreased until the metal 
temperature is equal to or perhaps less 
than the liquidus temperature. Then 
the solid phase crystallizes out; and 
since it is lighter than the melt, it 
floats on top. This forms a protective 
layer on the surface and decreases the 
rate of evaporation, allowing the tem- 
perature to rise until the solid phase 
is redissolved. Then the same sequence 
starts all over again, producing a series 
of undulations in the temperature. It 
will be noted that simultaneous vari- 
ations occur in the pressure, indicating 
that gas evolution increases and de- 
creases with the temperature through- 
out the test. 

The temperature of the melt gradu- 
ally increases as the proportion of zinc 
decreases. The vapor pressure of zinc 
in zinc-aluminum alloys shows a posi- 
tive deviation from Raoult’s law; 
that is, the vapor pressure is greater 
than that calculated by multiplying 
the vapor pressure of zinc by the molal 
fraction of zinc in the melt. The vapor 
pressure of zinc-aluminum alloys was 
measured by Schneider and Stoll? at 
650 to 800°C. They found that their 
data were in good agreement with 
Hildebrand’s‘ equation for activity of 
a solute, in which the coefficient 8 
equals 0.50 or 
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Pp 
L7ZnPo 
where po is the vapor pressure of zinc; 
%m and Za, are the respective molal 
fractions. From this equation and the 
vapor pressure of pure zinc it is pos- 
sible to calculate the vapor pressure 
of molten zinc-aluminum alloys at any 
temperature and composition. 

Evaporation of pure zinc begins 
when the vapor pressure reaches about 
0.5 mm as indicated by the metal 
temperature. This would mean that 
evaporation begins at about 470°C for 
pure zinc, 560° for 10 pet Zn, 690° for 
1 pet Zn, and 800° for 0.1 pct Zn. 

If we carry this assumption farther 
it might be expected that the tem- 
perature of the surface of the metal 
would vary in such a way as to main- 
tain a constant vapor pressure with 
changing composition. In that case, 
the temperature at constant power 
input would vary as in Fig 8, in which 
are shown the isobaric temperature 
curves for zinc-aluminum melts having 
partial pressures of 0.5 mm and 1.0 mm 
of mercury. However, it was ob- 
served, as shown by the temperature 
curves in Fig 9, that the tempera- 
ture actually increased more than 
would be indicated by the isobaric 
curves of Fig 8. For example, the 

temperature of test 8 at a power input 
of 10 kw should have increased 15 to 
20°C, according to the change in com- 
position of the residual metal, but 
the observed increase in temperature 
shown in Fig 9 was 70°C. The dis- 
crepancy for the other two tests at 
higher heating rates is even greater. 
As we have already pointed out, the 
metal temperature may differ appre- 
ciably from the surface temperature 


log Am = log = 0.50 (xa1)? 
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FIG 8—Temperature-composition curves for constant partial 
pressure of zinc over zinc-aluminum melts. 
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FIG 9—Variation of metal temperature during distillation of 
zinc from zinc-aluminum melts. 


during rapid evaporation; but even 
after taking this into account, it is 
apparent that the isobaric temperature 
curves do not provide an adequate 
guide for predicting the rise in metal 
temperature. 

Another factor to be considered is 
the nonuniformity of composition aris- 
ing from rapid evaporation of the zinc 
at the surface. Zinc will tend to 
evaporate faster than aluminum can 
diffuse away from the surface, thereby 
causing a surface enrichment in alum- 
inum. Accordingly, the observed tem- 
perature rise could be explained if the 
actual surface concentration of zinc 
in test 8 were between 10 and 20 pct 
zinc instead of 70 pct as given by the 
average composition. Likewise, an 
even greater concentration of alum- 
inum at the surface would be expected 
at the higher heating rates in tests 
11 and 14. The temperature rise in 
test 14 would indicate only about 2 pct 
zinc at the surface at the end of the 
test. 


Extent of Removal of Zine 
from Aluminum 


A series of three tests was run in 
which the zinc in the alloy was reduced 
in successive steps. The progressive rise 
in metal temperature during these 
tests is shown in Fig 10. The power 
input to the furnace during the three 
tests was held at 10 kw. During the 
first test the metal temperature rose 
to 512° and remained constant to the 
end of the test; about 60 pct of the 
zinc was evaporated, leaving residue 
containing 34.5 pct zinc. In the second 
test, about 35 pct more of the zinc 
was distilled. The metal temperature 
during this time rose from 512 to 620°. 
During the final test the temperature 
rose continuously to more than 900°C 
and the zinc in the metal was reduced 
to 0.21 pet. 

Comparative tests were made on 
alloys prepared from aluminum and 
from aluminum scrap to determine the 
effect of impurities and other metals 
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FIG 11—Metal temperature curves for comparative tests with 
pure aluminum and aluminum scrap. 


Table 2... . Summary of Distillation Tests on Zinc-Aluminum Alloys 


Test Number 8 9 10 11 12 14 15 15A. | DSB le 2tAT) 20B 5225). 2298 
DOW GEM LapU LS ws Sea cir ores aera tek 10 20 20 | 20 30 | 30 10 10 10 10 10 10 10 
Temperature, °C 
FA De eek OPIS Fen Sioa. em on eRe oa fe el bore eee 575 590 550 |570 555 1630 532 610 |930 |565 685 550 710 
eee BO Ry a ay AS Cees ee Oe ae ae 546 557 554 |553 555 |605 504 558 |771 (549 594 543 613 
Zn content, Pct f 
Tala ba A een CT oe lee 33.7 | 55.8 | 75.2] 81.1 | 81.4] 81.4 | 60.4 | 34.5]|°3.8 | 60.0 | 19.4 | 57.4 | 25.5 
no ee een aes 69.2 | 23.6 | 66,3] 61.3* | 77.1] 31.2 | 34.5 3.8 | 0.21| 19.4 0.96 | 25.5 0.98 
Rate of distillation, Ib per min..........-.......| 0.240] 0.441 0.413 0.538] 0.205100 _ 0.187) 0.123| 0.215) 0.103 
Power consumption, kw-hr per Ib................ 0.695] 0.811 0.808 0.930} 0.814; 1.67 0.892] 1.35 | 0.776] 1.62 
| 


present in the scrap in minor amounts. 
The scrap aluminum came from melted 
aircraft scrap from the Naval Air 
Station at Norfolk, Virginia. It was 
designated by the symbol, ‘“‘NAS- 
NOR.” A representative analysis is 
given as follows: 


Analysis of NAS-NOR Alloy in Pescon cy 
9 


PALL EeTTTUECS CIR ot reiky Scat ot Sates ie an EE . 88 
NTAC Sra MER Regia ce, Wi ahers fet (ovine eee eek ree, 1.09 
IW cote, 6 Gy Sepeureceeheee RGR cree fale aR eRe rem n 0.91 
Srliconteeteaat sinoes gal epcreze ccacireeinecniecmue Bie 8 0.31 
Coppers See ee ia eek. Mee cies ears 3.81 


Tests 21A and 21B (Fig 11) were run 
with 2S aluminum and tests 22A and 
22B, with NAS-NOR alloy. The original 
alloy for each test was made up to about 
60 pet zinc. Each test was interrupted 
after 3 hr and a sample was taken of 
the residual metal. Then evaporation 
was continued for another 3 hr, during 
which the zinc in the residual metal 
was decreased to less than 1 pct. There 
was no appreciable difference in the 
metal temperatures during the first 
3-hr period but during the last 2 hr 
the metal containing the impurities 
was about 30° hotter. The over-all 
rates of evaporation were very nearly 
the same, although more zinc was dis- 
tilled in the first half of the test with 
scrap aluminum. All in all, there was 
no significant difference in the general 
behavior of the two alloys during 
distillation. 

The important data for all the tests 
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on zinc-alumihum alloys are summar- 
ized in Table 2. 


Nature of Condensate 


The lower section of the condensate 
consists of large, dendritic clusters of 
crystals projecting outward from the 
walls and in a direction opposite that 
of the vapor flow. The deposit in the 
upper part of the condenser is thinner, 
more compact, and the crystals are 
much finer. This is illustrated by the 
photograph in Fig. 12. The form of 
the crystals in the crystal aggregates 
is greatly influenced by the rate of 
condensation and the partial pressure 
of the permanent gas in the system. 
At low evaporation rates and low pres- 
sures, the condensate is composed 
largely of fine, loosely compacted, 
needle-shaped crystals. At higher rates 
of condensation, the crystal aggregates 
become more massive and compact 
and at very high rates the deposit be- 
comes compact and the surface be- 
comes smooth and rounded as though 
the zinc were deposited in the molten 
state. The same effects are observed 
when the pressure is increased, except 
that the surface takes on a dull appear- 
ance instead of the bright, metallic 
surface produced at low pressures. 
The dull appearance may result in 
part from some surface oxidation at 
higher pressures. 


The principal impurities found in 
the condensate were aluminum, iron, 
and cadmium. The iron is usuaily less 
than 0.02 pet; it was probably intro- 
duced as a result of contact with the 
condenser walls. The cadmium was 
introduced as a minor impurity in the 
zinc. It was present only in trace 
amounts. Aluminum is the only im- 
purity that is inherently important. 
The vapor pressure of aluminum is 
only about 10-° times that of zinc 
at 500°C, but when an alloy of alum- 
inum and zinc is distilled the tempera- 
ture increases and the partial pressure 
of the zinc decreases thereby increasing 
the proportion of aluminum in the 
vapor. For example, the aluminum in 
the vapor from a 10 pct zinc alloy at 
600° is less than 10~‘ pct. At 900° the 
vapor pressures of zinc and aluminum 
are 700 mm and 1.3 < 10-3? mm, 
respectively. The vapor pressure of 
zinc over a 0.1-pct zinc alloy is calcu- 
lated as 0.91 mm, so that the con- 
densate from such an alloy would 
contain aluminum and zinc in the 
proportions to give a deposit containing 
0.14 pet aluminum. 

The average analyses of the con- 
densates obtained in these tests range 
from less than 0.01 to about 0.5 pct 
aluminum. The analyses of the con- 
densates and residual metal for tests 
15, 21, and 22, the three series in 
which the zinc in the residual metal was 
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reduced below 1 pct, are listed as shown 
below. The analyses for tests 21B and 
22B show that the aluminum in the con- 
densate increases markedly as the zinc 
is depleted in the residual metal. 
Furthermore, the aluminum content 


Test Number 15 | 15A 
Residual metal, pct Zn....... 34.5 3.8 
Condensate, pct Al.......... | 0.20 0.10 


Heat Requirements 


After distillation has reached a 
constant rate, the heat requirements 
consist of the heat of vaporization at 
the distilling temperature and the 


15B 21A | 21B 22A | 22B 
0.21 19.4 | 0.96 25.5 0.98 
0.04 / 0.34 0.05 -56 


of the condensate greatly exceeds that 
which can be explained on the basis 
of evaporation of aluminum, indicating 
that the aluminum in the condensate 
is largely a result of spattering. 
Spattering seems to occur chiefly 
during degassing of the molten metal. 
As the dissolved gas is expelled it 
carries with it a fine spray of metal 
formed when the bubbles break at the 
surface. Spattering from this cause 
can be reduced considerably by heating 
the metal very slowly during the time 
gases are being released. By following 
such a procedure, it was possible to 
reduce the aluminum in the condensate 
to less than 0.01 pet. However, when 
the zinc in the residual metal is re- 
duced-to a few tenths percent, some 
spattering seems to eccur even when 
there is no evidence of gas evolution. 
This might be explained on the basis 
of the concentration of aluminum at 
the surface during a rapid evaporation. 
Normally vapor is formed only at the 
surface because the vapor pressure of 
the zinc is so low that the hydrostatic 
pressure even slightly below the surface 
is too great to permit the formation of 
bubbles. But as the surface layer be- 
comes depleted in zinc, the tempera- 
ture will rise to a point where the 
vapor pressure in the metal imme- 
diately under the surface layer will 
suffice to offset the slight hydrostatic 
pressure thereby allowing bubbles of 
zinc vapor to form just below surface. 
The breaking of these very small 
bubbles will cause a fine spray of metal 
some of which may be mechanically 
entrained in the zinc vapor and carried 
to the condenser. These droplets must 
be very minute to be carried by the 
attenuated zinc vapor, so it is likely 
that they would be extremely difficult 
to separate from the vapor. Therefore 
the condensate probably will contain 
several tenths of 1 pct aluminum when 
the zinc in the residual metal is 
reduced below 1 pct, even though 
elaborate precautions are taken to 
avoid contamination by spattering. 
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heat necessary to supply losses by 
radiation and conduction. The heat 
required for vaporization is trans- 
ferred by the vapor to the condenser 
and absorbed by the condenser cooling 
water. The remainder of the heat 
input is lost by radiation and con- 
duction from the walls of the furnace 
and is approximately equivalent to 
the heat required merely to maintain 
the furnace temperature. 

Tables 3 and 4 give the heat balances 
for the furnace and the condenser, 
respectively, for the six tests on dis- 
tillation of pure zinc. Table 3 was 
determined by balancing the electrical 
power input to the furnace, after 
correcting for the losses in the elec- 
trical circuit, against heat removed by 
radiation and evaporation. The heat 
losses of the furnace by radiation and 
conduction were measured by a_pre- 
liminary test in which the power 
requirements were determined for 
maintaining the furnace at various 


Table 4... . Heat Balance for 


Condenser 
Heat 

Heat of Abstracted Heat Not 
Test |Condensation| by Cooling | Accounted 
No. Kg-Cal Water for Kg-Cal 
per Min. Kg-Cal per Min. 

per Min. 
1 128.10 181.44 —106.75 
2 118.60 164.4 — 45.80 
3 65.80 86.39 —20.59 
4 58.80 61.18 —2.38 
5 DL. 35. 69.14 —Ailto 
6 57.15 60.30 —3.15 


eS ee 
Heat of Condensation = AHo for Zng — Zny at 


100°C 
= 215.76 kg-cal per lb 


temperatures when no distillation was 
taking place. 


Evaporation of Metals at 
Low Pressure 


Evaporation of liquids at low pres- 
sure 1s in many respects quite different 
from evaporation at atmospheric pres- 
sure. At low pressures the atmosphere 
above the liquid is made up almost 
entirely of molecules of vapor from 
the liquid. Vapor forms only at the 
surface and not in the body of the 
liquid such as occurs when volatile 
liquids boil at atmospheric pressure. 
Evaporation takes place at a rapid 
rate at low temperatures because the 
diffusion of vapor molecules away from 
the surface is not retarded by the 
presence of other gas molecules. The 
acceleration of evaporation by reduc- 
tion in pressure is frequently explained 


Table 3. . . Heat Balance for Distillation Furnace 


Pp Rateot Heatit t* Heat of Heat Loss Losses Not 
ower | Temp. OF ee Vaporization | Rad., Cond. | Accounted for 

Test | Input °C Evaporation, Kg-Cal Keg-Ca Kzg-Cal Kg-Cal 
No. Ww Lb per Min. per Min. per Min per Minz per Mine 

1 27:25 545 0.594 362.5 117.8 87.5 157.2 

2 25 536 0.550 329.5 109.1 85.0 135.4 

3 10 500 0.305 131.8 60.8 76.2 —5.2 

4 10 507 0.273 131.8 54.3 <1i5 —0.0 

5 10 533 0.238 131.8 47.2 84.2 +0.4 

6 10 486 0.265 131.8 52.9 72.8 6.1L 


* Calculated on basis of average electrical efficiency of 92 pct applied to furnace input. 


FIG 12—Zinc condensate showing large dendritic clusters found near bottom of deposit 
and dense fine grained deposit from upper wall. 
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as a result of the reduction in boiling 
point. This explanation applies as long 
as the total pressure remains appre- 
ciably greater than the partial pressure 
of the liquid, the boiling point being 
defined as the temperature at which 
the vapor pressure of the liquid is 
equal to the pressure of the permanent 
gas in the system. However, at very 
low pressures the rate of evaporation 
is limited not by the gas molecules 
but by the vapor molecules themselves. 
Under such circumstances the vapor 
pressure immediately above the liquid 
exceeds the partial pressure of the 
permanent gas and the boiling point 
no longer has any meaning. 

The rate at which molecules of 
vapor leave the surface of the liquid 
is given by the effusion formula: 

wo = Po sar [1] 
wherew = rate of evaporation in grams 
per sq cm per sec.; 
Po = vapor pressure of liquid in 
dynes per sq cm 
M = molecular weight 
R= gas constant in ergs per 
mol per °C 
T = temperature °K 
Expressing the rate of evaporation in 
grams per minute, the rate of evapora- 
tion of zinc is given by 


w = 28.29 = gpersqcempermin. {24 


This equation gives the rate at which 
zinc would be evaporated into a 
vacuum or when evaporation is taking 
place at a comparatively slow rate. 
However, at high rates of evaporation 
the molecules of zinc leaving the sur- 
face interfere with each other and some 
of them return to the liquid. The 
effusion formula [1] may also be used 
to express the rate at which zinc is 
being recondensed on the surface: 


M 
GRT [3] 


/ 


Op 


where p now equals the partial pres- 
sure of the zinc vapor in contact with 
the surface. Therefore the net rate 
of evaporation is given by the differ- 
ence between @» and w’ or 


M 
® = (Po —P) 4/5 RF [4] 
For zinc, this becomes 
28.29 
w = “yg (Do — Pp). [5] 


When the rate of evaporation reaches 
a steady state the net rate of evapora- 
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tion as given by Eq 5 will be equivalent 
to the rate at which heat is transferred 
to the surface. The heat required to 
evaporate 1 g of zinc is 439 cal per g 
at 500°C. The temperature gradient 
required to conduct heat to the surface 
for evaporating at the rate of 1 g per 
sq cm per min. is equal to 53°C per 
cm. Therefore, the surface temperature 
at high rates of evaporation is a good 
deal lower than the temperature of 
the main body of metal. 

The net rate of evaporation must 
also be equal to the rate at which 
vapor is diffused away from the sur- 
face. The rate of diffusion is deter- 
mined by the pressure gradient of the 
zinc vapor between the evaporating 
and condensing surfaces. This explains 
why the temperature of the metal 
during evaporation is so responsive to 
obstructions between the crucible and 
condenser or changes in the distance 
between the evaporating and con- 
densing surfaces. Any increase in the 
length of path of the vapor flow or 
in the pressure of the zinc at the con- 
denser surface produces a correspond- 
ing increase in p, the pressure of the 
zinc at the evaporating surface. This 
requires a corresponding increase in the 
vapor pressure, Po, and the metal 
temperature as defined by Eq 5. 

Another interesting effect to be 
considered in connection with the flow 
of zinc vapor to the condenser is the 
adiabatic cooling it undergoes. The 
temperature of the vapor in expanding 
from pressure p; at the crucible to 
pressure p» at the condenser decreases 
in the ratio 

as | 2k 

T, as 
The pressure of the zinc vapor at the 
evaporating surface is considerably less 
than the vapor pressure of zinc at the 
surface temperature or its temperature 
is above the dew point. However, as it 
is cooled adiabatically, the vapor be- 
comes saturated so that even before it 
reaches the condenser, the temperature 
may be below the saturation tempera- 
ture so that the condensation takes 
place from a supercooled vapor. For 
example, if the pressure of zinc vapor 
at the surface is 0.20 mm when the 
surface temperature is 500°C, the 
vapor at this point is only 20 pct 
saturated. However, when the vapor 
has expanded to a pressure of 0.15 
mm the temperature will have dropped 
to the melting point, at which the 
vapor pressure of zinc is only 0.12 mm, 
and so the vapor is supersaturated with 
respect to liquid zinc. If the initial 


[6] 


pressure were a little lower the vapor 
would become saturated at a tempera- 
ture below the melting point and 
would be supersaturated with respect 
to solid zinc. 

This provides an explanation of the 
marked change in appearance that is 
found in the condensate at different 
rates of evaporation. At low rates 
the condensation takes place from a 
vapor that is supercooled with respect 
to the solid phase so the vapor con- 
denses directly as a crystalline solid. 
At higher rates of evaporation, the 
vapor condenses from a vapor that is 
supercooled with respect to the liquid 
phase, so the vapor condenses momen- 
tarily as a liquid, chilling immediately 
to a solid. This deposit is more dense 
and compact and explains the rounded 
surfaces that give the appearance of 
having been melted. 

These interesting aspects of low- 
pressure distillation of metal are dis- 
cussed briefly to give a qualitative 
picture of the interrelation of the 
various factors that determine the 
rate of evaporation and the nature 
of the condensate. A more detailed 
study is being made of these phe- 
nomena which will be given a more 
extensive discussion in a later paper. 
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Determination of Boundary Stresses 
during the Compression of Cylin- 
drical Powder Compacts 
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Introduction 


At the present time, the designer of 
dies for metal powder pressing is handi- 
capped by relative ignorance of stress 
distribution and frictional effects at the 
interior surface of the die. Unckel! was 
the first to develop a method for the 
study of wall friction. He used three 
Brinell balls on which the die rested 
during pressing. The total frictional 
wall force was determined by the size 
of impression these balls left on a soft 
metal plate. Since the method does not 
give radial pressures, or distribution of 
such pressures, coefficients of friction 
could not be determined. Although 
Unckel measured density distribution, 
he was not able to determine radial or 
shear stresses. Shaler? has proposed 
theoretical expressions for the stress 
and density distribution within cylin- 
drical compacts during pressing, in 
accordance with the experimental re- 
sults of Kamm, Steinberg, and Wulff.* 

By application of Siebel’s method,* 
Kamm et al? plotted stress trajectories 
for two compacts. From the stress 
trajectories they calculated coefficients 
of friction from point to point along the 
die wall. As pointed out by Shaler in 
the discussion of Ref. 3, these values 
are based on progressive point-to- 
point calculations on finite size grid 
squares across the compact. In the re- 
gion of the die wall such calculated 
values may therefore have considera- 

“ble cumulative error. 

The purpose of the present paper is 
to develop an experimental method by 
which the nonhydrostatic pressures and 
shears acting on the interior wall of a 
cylindrical die can be measured. Such 
measurements can then be correlated 
with existing data to aid in the ex- 
planation of the pressing process. 

The method used is based on the 
elastic properties of the thick-walled 
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tube used as the die. The principle of 
Super-position of force systems on an 
elastic body is assumed to hold. Elec- 
tric ‘strain gauges were mounted in 
adjacent positions on the exterior die 
wall in order to get an exact measure- 
ment of the variation of tangential 
strain over the length of the die during 
pressing. While in this paper, measure- 
ments in terms of only tangential 
strains are considered, it is well to note 
that similar calculations may be set up 
for axial strains. The latter are not 
preferred, since they tend to be smaller 
than the tangential strains and there- 
fore permit less sensitive measure- 
ments. Discussion in this work is 
restricted to compacts pressed from 
both ends, since the elastic deforma- 
tion of the die is then more amenable 
to analysis. 

Before choosing the electric strain 
gauge method, a more direct line of 
attack was considered and discarded. 
The discarded idea was the insertion 
of a pressure gauge through a hole in 
the die wall.* The gauge would have 
been in the form of a small piston. If 
pressure were exerted against such a 
gauge, it would move outward along a 
radius of the die. One disadvantage of 
the scheme is its inability to measure 
shears along the die wall. Another 


* Since the completion of this paper_a manu- 
script,> now published, was received. This work 
describes an investigation employing such a 
piston pressure device. The results, insofar as 
radial pressures are concerned, are at complete 
variance with the findings of this author. They 
are discussed more fully below. 


Cleveland Meeting, October 1949. 

TP 2678 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
Manuscript received April 25, 1949; 


revision received June 28, 1949. 
* Instructor and Professor of Metal- 


lurgy, respectively, Massachusetts 
Institute of Technology. 

1 References are at the end of the 
paper. 


more serious disadvantage is the dis- 
turbance caused by the device itself. 
It would serve to change the forces it 
was designed to measure. No matter 
how small the movement of the gauge, 
when pressure is applied a discontinuity 
would exist in the wall surface at that 
point. Due to the stress concentration 
caused by the hole, abnormal deflec- 
tions of the die wall would occur 
around the gauge. During pressing, 
powder would be forced into the re- 
sulting depression. The depression 
would then become larger with increas- 
ing compacting pressure. Powder, not 
being a fluid, is capable of supporting 
shear. The ease with which it would 
flow into the die wall depression to 
further move the piston is an indica- 
tion, not of the radial pressure at that 
point, but of the state of shear retard- 
ing the movement. Thus the “pres- 
sure’? gauge is really a criterion of 
flowability, and of the capability of the 
powder to support shear. For these 
reasons, it was decided that the electric 
strain method, herein employed, was 
more reliable, if more indirect. The 
gauges and lead wires, mounted on the 
external die wall do not in any way 
affect the behavior of the metal powder 
or the die during pressing. 


Theory of the Method 


THE EFFECT OF RADIAL PRESSURE 
ON THE DIE WALL 


Effect of a Single Small Band of 
Hydrostatic Pressure 


Consider a die which is a thick-walled 
cylinder of outer radius R, and inner 
radius R;. If over a small finite length 
L there is a normal pressure P, a 
tangential strain distribution at the 
outer wall results. This is shown sche- 
matically in Fig 1. The exact shape of 
the curve may be predicted by an ex- 
tension of the theory of a semi-infinite 
beam on an elastic foundation.* This 
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FIG 1—Schematic illustration of strain due 


to a single increment of pressure. 


Note that in all figures, strain abscissa corre- 
spond with outer die wall unless otherwise 
indicated. Z-axis is the axis of the die. 


extension has been developed and ex- 
perimentally verified by MacGregor 
and Coffin’? in their work on sym- 
metrically-loaded thick-walled cylin- 
ders. For the calculation of external 
strains due to increments of pressure 
the accuracy of their theory is well 


Effect of Several Small Bands of 
Hydrostatic Pressure 


In a compact pressed from both ends, 
conditions will be symmetrical about 
the center.’ Suppose for the time being 
that the compact exerts no shear force 
on the die wall, and that the length 
of the compact is broken down into 
five increments, each of length L. 
Each increment L is assumed to exert 
uniform radial pressure over its length, 
as shown in Fig 2. The strain due to 
each pressure band (increment) is 
similar in shape to that of a single 
band. By the principle of elastic super- 
position the total strain at any point 
along the die axis is the sum of the five 
individual strains at that point (see 
Fig 2). The previously calculated influ- 
ence factors hold for each of the five 
individual strain curves. Applying 
these elastic influence factors to each 
of the five strain curves, there result 
five expressions for the total strain due 
to pressure at stations 0 to 4 inclusive: 


within 5 pct for very small strains, and (€p)o = FoPo + 2F\Pi + 2F 2P2 


within 2 pct for larger strains. Since in (€p)1 = 
our experiments the ends of the tube (er). = 
are not capped, the normal forces in (er); = F3Po + (Fe + Fu)Pi + (Fi + Fs)P2 
the axial direction are carried by the (er)4 = FuPo + (F3 + Fs)P1 + (Fo + Fe)P2 


die plungers, and we thus need not con- 
sider the effect of an axial tensile force 
on the die wall. 

Using the above-mentioned theory, 
values of strain may be calculated 
along the length of the die at stations 
a distance L apart (See Fig 1). It is 
well to note that L should be small 
enough so that a powder compact of 
height L will exhibit fairly uniform 
normal pressure over its length while 
under. compression. The calculations 
may be verified by filling the die with 
a hydrostatic fluid in sufficient quan- 
tity to occupy a length L in the die, the 
pressure P being exerted by loading 
the die plungers in a press. Readings 
may then be taken on the tangential 
electric strain gauges. 

The calculated tangential strain ep 
caused by P is noted at each station. 


Values of F, = = may then be cal- 


culated, and F,, is called the pressure 
influence factor. The subscript n indi- 
cates the station (distance) from the 
center of increment L. Since the die is 
elastic, if the value of P is increased, 
ep will increase in proportion. If a 
measured tangential strain ep, at sta- 
tion n is caused by an unknown pres- 
sure P, then: 


n 


Pn: 


Bari [1] 
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The above constitute five equations 
for the three unknowns Po, Pi, and Ps, 
any three of which may be used for a 
solution after measurement of (ep)o, 
(€r)1, etc. by the electric strain gauges. 
A similar equation may be written for 
the total tangential strain at any point 
along the die. 


EFFECT OF SHEAR ON 
WALL 


THE DIE 


Effect of a Single Small Band of 
Uniform Shear 


A compact undergoing compression 
will exert shear force in an axial direc- 
tion on the inner die wall. Consider a 
shear stress exerted over an increment 
of length L in the die. The total result- 
ing force T on the wall is then: 


T = 2nRilr [3] 


Fig 3 shows this wall shear force T; 
it is statically equivalent to the com- 
pressive force B, plus the moment 
couple T-C. From the separate con- 
sideration of the couple and the.com- 


om DIE WALL ae 


SESE are, 
—_ 
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FIG 3—Shear system and equivalent 
moment-compressive force system. 


Po + (Pot F2)Pi + (Fi + F3)P2 
oPo + (Fi + F3)Pi + (Fo + Fs)P2 


| 2 3 4 STATIONS 
i) ' ‘ 1 


Ep TOTAL STRAIN 


FIG 2—Schematic illustration of strain due 
to five increments of pressure. 


pressive force one may calculate the 
shape of the strain curve due to the 
shear stress 7 acting over the increment 
L. The compressive force gives rise to 
a linearly increasing tangential strain 
e,”’ throughout the increment L. This 
strain is then a constant along the re- 
mainder of the tube to the end, where 
an equal and opposite shear force T 
must be applied to maintain equilib- 
rium. The couple causes the strain e,’, 
which is antisymmetrical about the 
center of L. In effect, to the left of L 
the tube is constricted. To the right it 
is bulged. The sum of two curves is €,, 
the total tangential strain caused by 
the shear stress and is shown in Fig 4. 

Since the total strain curve due to 
shear is assymmetrical account must 
be taken of this in denoting stations. 
As shown in Fig 4, positive stations 
will be taken on the side of positive 
strain; negative stations on the side of 
negative strain. At each station a shear 


‘ €; . 
influence factor f, = — is calculated. 
ay 


On the positive strain side of the shear 
curve, the strain approaches a constant 
value (end effect). Correspondingly, 
for all stations in this region, the shear 
influence factors will be constant, and 
will be designated as f., The subscript e 
signifies end effect. Shear influence fac- 
tors may then be tabulated. 
Calculations of shear influence fac- 
tors may be verified by placing a suit- 
able material, such as metal powder, 
in the die. It should be of such quantity 
that a compact of length L will result 
after compaction to some arbitrary 
plunger pressure. While maintaining 
the plunger pressure an axial force T 
is applied to the circumference at one 
end of the die (see Fig 5). Such force 
should not be large enough to cause the 
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FIG 4—Schematic illustration of strain due 
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Z FIG 5—Schematic diagram for the arrangement for 


to a single increment of shear. 


die to slide by the compact. Readings 
may now be taken on the electric strain 
gauges. Such readings represent the 
sum of strain due to radial pressure 
exerted by the compact, and strain due 
to the applied shear. The shear force T 
is then removed. Readings of the 
Strain gauges are again taken. Such 
readings represent strain due to pres- 
sure only. Difference between the two 
sets of readings yields values of strain 
due to shear. The shear stress is known 
from Eq 3, and the shear influence fac- 
tors may then be checked. 


Effect of Several Small Uniform Bands 
of Shear 


Here, use is again made of the fact 
that in a compact pressed from both 
ends conditions will be symmetrical 
about the center. According to Kamm 
et al,§ the powder at the center does 
not move axially during pressing. The 
wall shear will therefore vary sym- 
metrically about the center, with a 
value of zero for the center increment. 

Consider in such a compact the 


strains due to shear caused by two . 


shear increments equally and oppo- 
sitely placed about the center. Strain 
distributions are schematically illus- 
trated in Fig 6. Unlike the case of the 
single increment of shear, the die no 
longer need be supported at one end 
by a force T in order to be in equilib- 
rium. Instead the compressive (end) 
effect of one increment is opposed by 
the compressive effect of the opposite 
increment. The compressive effect thus 
exists only between the increments, 
and does not persist down to the end 
of the die, as in the single increment 
case. In effect, the strain abscissa is 
moved up to 0-0 (see Fig 6), thus sub- 


€9 =| PoPo + 2FiPi 
er F\Po + (Fo + F2)P1 
€9 =| FPoPo + (Fi + Fs)Pi 
Ca 

(yes 
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a shear check test. 


FIG 6—Schematic illustration of the addition of 


strains due to equal and opposite shear increments. 
The new strain abscissa is indicated by the line O-O. 


tracting the end effect strain beyond 
the increments (the portion of the die 
between either end and the edge of 
the nearest increment). Mathematic- 
ally, this is accomplished in subsequent 
equations by subtracting the influence 
factor for end effect f. from all terms 
involving the addition of strains due 
to opposite shear increments. 

Note that the foregoing correction 
does not invalidate the principle of 
superposition. It is necessitated only 
because the boundary conditions of 
the force system (with several shear 
increments now present) are different 
from the boundary conditions for the 
single increment of shear. In effect, 
the force T has been moved from the 
end of the die to the body of the die. 

With this correction in mind, and 
the fact that the wall shear at the com- 
pact center is zero, the expressions may 
be written (analagous to Eq 2) for 
total strain due to shear at any point. 
For five increments these are: 


(€,)o = Ahan 
(é,)1 


— fe)T1 +e 
(fo a dee wey ale (fi + fis 


Similar equations may be written for 
the total strain due to shear at any 
station. 


SOLUTION OF BOUNDARY 
STRESSES ON THE INTERIOR DIE 
WALL 


In pressing of metal powder com- 
pacts from both ends, Eq 2 relates 
tangential strains with radial pressures 
on the die wall, and Eq 4 relates 
strains with shear. When both shears 
and pressures are present, as is usually 
the case, the expressions of Eq 1 and 
2 are additive for each station. 

Terms shown in the boxes are the 
ones of interest for a compact divided 
in three increments. 

In the above, values of F’,, and f, are 
calculated. Strain values may be de- 
termined by experiment. Solution for 
the unknown shears and pressures may 
then be carried out. 

Kq 5 treats the powder compact as a 


2(f42 = fe)T2 [4] 


a fe)T2 


(e,)2 = (fur + fzs — fe)T1 ar (fo + fits — fe)T2 


(€,)3 = (f-2 Sree Ss 


fe)r1 AF (fu + fats — fe)T2 


(€r)4 = (fs Ses plat =F (fs + fic — f.)T2 


+ 2FP» ae 2( far Se 


+ (F, + Fs)P2+ 


FuPo + (F3 + Fs)Pi + (Fo + Fo)P2+ (f-s+ fas —feti + (fa + fa6. = 


(fo + fire — fe)T1 
ae (Fo + F4)P2 si (Ge + fis — fe)r1 


FPo + (Pe FoOPi + Fit FdP2+ Fath —forit+ Gat fis — fete 


ONT pAg) — fe)T2 [5] 
ds — S48: Jato 
ae (fo + faa — fete 


fe)T2 
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FIG 7—Check tests for 0.20 in. increment of hydrostatic 
pressure. 
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FIG 8—Check test for 0.20 in. increment of shear. 
Strain in microinches per inch plotted along die length. Solid line 
indicates theory. Circles indicate experimental values. 6381 psi 


Strain in microinches per inch plotted along die length. Solid line 


shear stress. 


indicates theory. Circles indicate experimental values. 55,000 psi 


pressure. 


series of average pressures and shears, 
varying in steps, over short increments 
of length L. For a given length of com- 
pact the approximation will be bettered 
by using a greater number (necessarily 
an odd number) of increments. A 
practical consideration limits this num- 
ber. The labor of solving linear simul- 
taneous equations increases roughly as 
the square of the number of unknowns. 
A mathematical consideration also 
enters. Consider, for instance, the 
array of numbers making up the coeffi- 
cients on the right hand side of Eq 5. 
This array constitutes the determinant 
of the system of equations. If by 
chance this determinant has a value 
near zero, small errors (on the order of 
0.01 pct) in the coefficients will cause 
huge errors (on the order of 100 pct or 
more) in the answers. Should the de- 
terminant approach zero, the answers 
approach infinity, regardless of other 
considerations. In either case, the 
error in the calculated answer may far 
exceed the magnitude of the true 
answer. 

Equations similar in form to Eq 5 
may be written for compacts divided 
into even numbers of increments. As 
will be pointed out, such equations 
were considered and discarded in the 
course of the present investigations. 


Experimental Procedure 


For investigation of boundary 
stresses the die must satisfy two con- 
flicting requirements. It must be 
strong enough not to fail, yet be built 
lightly so that it will undergo large 
elastic strains in use. The die was 
therefore made ten inches long with 
external diameter of 2.000 +0.0005 in., 
and internal diameter (diamond lapped) 
of 1.128 +0.0005 in. Two plungers 
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were used, each 6 in. long and lapped 
to have 0.001 in. clearance with the die. 

The material was an air-hardening, 
high carbon, high chromium steel 
(Airdi 150, Crucible Steel Co.), heat- 
treated to final hardness of Rockwell 
C 64. The die showed no sign of wear 
at the conclusion of the investigation. 

Tangential strain gauges (Baldwin 
SR-4, type A-12) were mounted on 
the outer wall every 0.10 in. along the 
axial distance of the central portion 
of the die, and every 0.80 in. near the 
ends. Alternate gauges were 180° apart 
on the die. A total of 41 gauges was 
employed. The die was then placed in 
a loose-fitting frame, baked in a drying 
oven, and the gauges then wax-coated 
to seal out moisture. Two devices were 
available for strain measurement. The 
first was a manual SR-4 indicator, and 
the second an automatic scanning 
recorder which read and recorded all 
41 gauges in less than a minute. 

Pressing of compacts was performed 
on a standard type of testing ma- 
chine. Lubricated spherical seats were 
mounted on the top and bottom 
platens of the press to prevent trans- 
mission of bending forces to the die. 

After all equipment was assem- 
bled, the behavior of the gauges 
was checked by loading the die in- 
ternally with oil under hydrostatic 
pressure. This method was also used to 
find the modulus of elasticity of the 
die steel which was EF = 31.65 X 108 
psi. Poisson’s ratio was determined as 
0.273. Both the constants were neces- 
sary for calculation of the influence 
factors for pressure and shear (see 
Tables 1 and 2). 

Check tests for the influence factors 
were performed in accordance with the 
principles previously described. As a 
hydrostatic medium, paraffin sealed in 
a thin rubber bag (0.002 in. wall) to 


Table 1... Influence Factors for 


0.20 In. Increment of Pressure 
(L = 0.20 in.) 


7.21614 & 1073 
1 5.71976 
2 3.56168 
3 1.83945 
4 0.71276 
Influence Factors for 0.20 In. Increment of Shear 
(L = 0.20 In.) 


Station 
0 


Station n 
—A —1.05417 *K 107-3 
—<3 —1.60524 
—2 —2.00169 

—1.75064 

46280 

60424 

85529 

45884 

90777 

85360 
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Table 2... Influence Factors for 
0.33 In. Increment of Pressure 


(LZ = 0.33.in.) 

Stat on n 
0 11.58639 x 10-3 

1 Tie aged 

2 2.40515 

3 0.20805 

4 — 0.36247 

Influence Factors for 0.33 In. Increment of Shear 

(L = 0.33 in.) 

Station tn 
—4 — 0.18367 X 10-3 

=3 — 0.96538 

—2 —2.37457 

—1 —3.37675 

0 2.35422 

1 8.08519 

2 7.08301 

3 5.74978 

4 4.89211 

e 4.70844 


prevent leakage was employed. The 
amount of paraffin was such that it 
occupied the proper length in the die 
while under pressure. The center of the 
paraffin plug was located by measuring 
the distance which the plungers ex- 
tended beyond the die. Results of one 
pressure check test are plotted in Fig 
7. For the shear check test, a copper 
powder compact, exactly 0.20 in. high 
under 40,000 psi plunger pressure was 
used. The die was placed in the press, 
with the compact inside, and with the 
plungers loaded. A known force was 
then applied axially to the die wall, in 
accordance with the previously de- 
scribed principles. (See Fig 5.) Strain 
readings were then taken, the load re- 
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moved, and readings taken again. Re- 
sults for one test appear in Fig 8. The 
scattering about the theoretical curve 
in Fig 8 is due largely to the low strain 
being measured. 

In subsequent pressing tests it is 
certain that no powder was squeezed 
up into the space between plungers and 
die wall (except test C-10-a, copper, at 
60,000 psi), since the plungers could be 
pulled out by hand following the tests. 

Wall lubrication was used in several 
of the pressing tests. Stearic acid was 
one lubricant employed, and was ap- 
plied by dissolving in benzene, until a 
supersaturated slurry was formed. 
Three coats of this slurry were painted 
on the die wall. Each was allowed to 
dry thoroughly before application of 
the next coat. This procedure resulted 
in a final heavy coating of stearic acid 
which completely covered the wall. 
Molybdenum sulphide, when used as a 
wall lubricant, was applied in similar 
fashion. It was not, however, possible 
to build up a heavy coating of this 
material on the wall. When colloidal 
graphite (Aquadag) was employed, a 
very thin coat was painted onto the die 
wall and dried for two hours by means 
of an electric fan. A heavy coating of 
graphite was found to interfere with 
insertion of the plungers in the die. 

Altogether, thirty successful tests 
were performed. The weight of powder 
used in each test was adjusted so that 
the final height of a compact was either 
0.20, 0.60, or 1.00 in. From the recorder 
chart in each case the strain distribu- 
tion along the length of the die was 
plotted and stations noted. For a com- 
pact with final height of 0.20 in., the 
average radial pressure was calculated 
directly by application of the pressure 
influence factors of Table 1. A compact 
of 0.60 in. height was broken into 
three increments. Shear and pressure 
influence factors of Table 1 were in- 
serted into the boxed-in expressions of 
Eq 5, resulting in three simultaneous 
equations. With strain values at sta- 
tions 0, 1 and 2 (determined from the 


test curve) solution for average pres- 
sure and shear at each station was 
carried out. 

It had been originally intended to 
solve the 1.00 in. compacts by the five 
increment solutions of Eq 5, using 
values listed in Table 1. However, the 
value of the determinant of the system 
was close to zero and the solutions of 
the equations were therefore meaning- 
less. Equations were then derived for 
four increments, but in this case the 
determinant was even closer to zero. 
Solutions of the 1.00 in. compacts were 
finally accomplished by treating them 
as composed of three increments. 
Method of solution is exactly as de- 
scribed for a 0.60 in. compact, except 
that influence factors listed in Table 2 
are used. Stations, of course, are then 
0.33 in. apart, rather than 0.20 in. 

Since there is symmetry to the left 
and right of station 0, strain values for 
like-numbered stations either side of 
station 0 should be alike. In the values 
of strain used in the equations, small 
differences at such stations were there- 
fore averaged. With such averaging, 
reproducibility of strain data at any 
station was within +3.6 pct for the 
smallest values of strain involved. 
Large values of strain were completely 
reproducible. This was demonstrated 
by repeating two pressing experiments. 
The range of +3.6 pct is due to lack of 
sensitivity in the scanning recorder at 
low strain readings. The strain gauges 
themselves are accurate to +1 pet. 
Two other considerations enter into the 
final accuracy of solutions to the simul- 
taneous expressions of Eq 5. The first 
is error in the calculated influence fac- 
tors (Tables 1 and 2). As pointed out, 
it may amount to +5.0 pct for the 
numerically smaller factors and much 
less for the larger. The second con- 
sideration is the method employed to 
solve the simultaneous equations.® 
With the errors in theory and data 
enumerated, the method!* employed in 
the present investigation was found to 
propagate a maximum possible error 


of +23 pct in the final calculated 
values of pressures and shears. 

Selected and typical data are pre- 
sented in Table 3. A total of fourteen 
pressing tests were performed on type 
LB (—100 mesh) electrolytic copper 
powder (U. S. Metals Refining Co). 
Eight of these were pressed, without 
lubrication, to a final height of one 
inch. Compacting pressures varied 
from 3900 to 60,000 psi. Of these 
eight, two (tests C-16-a and C-13-a) 
were duplicates of other tests. Two 
compacts, with final heights of 0.20 and 
0.60 in., were pressed, without lubrica- 
tion, at 40,000 psi. Wall lubrication was 
used in four other compacts, all of 1.00 
in. final height. Three of these were 
pressed at 30,000 psi, and the fourth 
at 18,600 psi. Stearic acid, molybdenum 
sulphide, and colloidal graphite (Aqua- 
dag) were the lubricants employed. 

The second series of three tests was 
performed on type C (—325 mesh) 
electrolytic copper powder (U. S. 
Metals Refining Co.). All of the com- 
pacts were pressed to a final height of 
1.00 in. without lubrication. Compact- 
ing pressures of 7100, 9200 and 18,600 
psi were employed. 

Carbonyl iron, type L (General 
Analine and Film Co.) was used for a 
third series of six compacts. Two each 
were pressed at 9100, 21,000 and 32,000 
psi. Stearic acid was used as a wall 
lubricant in one of the compacts 
pressed at each pressure. All final 
heights were 1.00 in. 

For the fourth series, Swedish sponge 
iron, type MH (—100 mesh Ekstrand 
and Tholand Co.), was used. Pressures, 
height, and lubricants were the same 
as for the six carbonyl iron compacts, 
so that a direct comparison could be 
made. 


Experimental Results 


From data such as are recorded in 
Table 3, certain conclusions may be 
drawn immediately. For a constant 


| Table 3. . . Tabulation of Typical Data and Results 


Copper—Type LB, —100 Mesh 


Strain-microinches per Inch Pressure-Psi 
71 
i . a Pet 
Plunger Final Wall Shear bat P; fog 
Test Pressure | Height eae i Coef. of of Sol 
No. Psi Taches Lubrication Cot Density 
0.304 80.9 
-2- 1.00 None 525 | 415 400 160 160 118.5 23129 | 15756 4799 
Gen Oe Unloading of Test C-2-a 192 | 150 158 80 86 118.5 9503 7213 ree eee eve 
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Bae .00 None 370 | 280 2 ‘ . 3 
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FIG 9—Variation of radial pressure Py (center increment) 


with plunger pressure, both in pounds per square inch. 
One inch compacts, no lubrication. 


O Copper LB (—100 mesh) 
A Copper C, (—325 mesh) 


xX Swedish Sponge Iron (—100 mesh) 


+ Carbonyl Iron L 


final height of compact, average den- 
sity increases with compacting pres- 
sure. Likewise, for constant compacting 
pressure and die diameter, average 
density decreases with increasing height 
of compact. Side wall lubrication is of 
great importance in securing greater 
average density of compact. When wall 
lubrication was employed, the average 
density of the compact was always 
greater than that of an unlubricated 
compact of the same final height and 
pressed at the same pressure. The fore- 
going also confirms the work of previ- 
ous investigators.3.8 

In addition, it was found that in all 
cases but one (Test E-1-3, in which 
there was evidence of the die acting in 
bending) the average radial pressure 
exerted on the die was greater at the 
center increment of the compact than 
at the end increments (adjacent to 
the plungers). In other words, Po, the 
pressure at the center, is greater than 
P,, the pressure at the ends. A possible 
explanation of this is based on the fact 
that the most dense part of the com- 
pact is at the outer circumference ad- 
jacent to each plunger, and the least 
dense part is at the middle outer cir- 
cumference.? Thus the metal powder 
adjacent to the plungers comes closest 
to behaving like a solid metal. On the 
other hand, the central portion of the 
compact is closer to being an aggregate 
of metal powder particles. Such an 
aggregate if placed between two 
plungers (with no surrounding die wall 
present) and squeezed, would flow 
radially, retarded only by the interpar- 
ticle friction. 

A solid plug, if similarly pressed, 
would offer considerable resistance to 
any such flow. As a consequence, in a 
compact undergoing compression from 
both ends in a die, the central portion, 
being the least dense, is the most capa- 
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FIG 10—Variation of radial pressure Py (center increment) 


with plunger pressure, both in pounds per square inch. 
One inch compacts, stearic acid wall lubrication. 
O Copper LB (—100 mesh) 


x Swedish Sponge Iron (— 100 mesh) 


ble of exerting radial pressure. Of 
course, the foregoing picture is highly 
simplified. Strain-hardening of the 
metal powder particles, change of par- 
ticle shape, and bonding of the particles 
during pressing all play a role. The 
picture is supported, however, by the 
low radial pressure (18,000 psi for Po) 
measured in compact C-3-a (type LB 
copper powder) which had a final 
height of 0.20 in. after compaction at 
40,000 psi. This compact was pressed 
to 87.5 pct of solid density. In compact 
C-2-a, made of the same material and 
at the same pressure, but with a final 
height of 1.00 in. the value of the 
radial pressure Po at the central incre- 
ment was 23,129 psi. Compact C-2-a 
was only 80.9 pct of final density. 

The compact of intermediate length, 
C-4-b, again of the same material, 
pressed at the same pressure, but to a 
final height of 0.60 in., at first examina- 
tion does not support the above argu- 
ment. For this compact, the average 
radial pressure of the center increment 
is higher than that in either of the two 
compacts cited above. This is due, it is 
believed, to compact C-4-b being 
broken down into 0.20 in. increments 
for calculation, whereas compact C-2-a 
was broken into 0.33 in. increments. 
Since the central portion of a compact 
has the highest radial pressure, then 
the shorter the center increment length 
L over which an average is calculated, 
the higher such average will be. As a 
corollary of this statement, it follows 
that since the end increment has the 
lowest radial pressure the shorter the 
length over which it is figured, the lower 
its average will be. This is the case. 
The average and radial pressure P, for 
compact C-4-b was 12,120 psi, less than 
for either of the other two. (In com- 
pact C-3-a 0.20 in. high, figured as 
composed of one increment, P; is iden- 
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tical with Po.) 

As mentioned previously other in- 
vestigators,> whose results were re- 
ceived after completion of the present 
experiments, found a completely dif- 
ferent type of radial pressure distribu- 
tion. Their work was performed on 
compacts pressed from one end. Their 
method of measurement employed a 
piston-type pressure gauge, set in a 
hole through the die side wall. They 
state that radial pressure varies from 
a maximum at the end of a compact 
adjacent to the moving plunger, to a 
mininum at the static plunger, in 
linear fashion. In terms of a compact 
pressed from both ends, it would mean 
a V-type distribution of radial pres- 
sure, with the point of lowest pressure 
at the center, and the point of highest 
pressure next to the plungers. The 
nature of the results obtained by the 
above workers may be attributed to 
the fact that their piston type pressure 
gauge disturbs the uniform flow of 
powder and measures the ability of the 
powder to support shear, Thus as 
pointed out in the introduction it 
measures the flow of the powder rather 
than true radial pressure. 

It is unfortunate in the present in- 
vestigation that the one inch compacts 
could be treated only as composed of 
three increments. As a consequence no 
indication of point to point stress dis- 
tribution along the length of a compact 
could be ascertained. Certain general 
trends are nevertheless evident. Fig 9 
shows a plot of average radial pressure 
Po (center increment) versus compact- 
ing pressure. It indicates a straight line 
relationship between radial and com- 
pacting pressure for all four metal 
powders pressed without lubrication. 

Fig 10 shows a similar plot, but for 
tests in which stearic acid wall lubrica- 
tion was used. Again for copper, type 
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FIG 11—Variation of radial pressure P, (end increment) with 


plunger pressure, both in pounds per square inch. 
One inch compacts, no lubrication. 


O Copper LB (—100 mesh) 
A Copper C (—325 mesh) 


X Swedish Sponge Iron (— 100 mesh) 
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C (—100 mesh) and Swedish sponge 
iron, a straight line relationship exists. 
The slope of the line is almost identical 
with that in Fig 9. Within the limits of 
experimental error, the values of Po 
are equal for like metals (except car- 
bony] iron) pressed at like pressures in 
both wall-lubricated and unlubricated 
compacts. For carbonyl iron, with wall 
lubrication, the values of Po, when 
plotted as in Fig 10, fall well below the 
straight line relationship, and well be- 
low the Py values for unlubricated 
carbonyl iron powder. If, as has been 
proposed, radial pressure is in some 
fashion inversely proportional to densi- 
fication (as distinguished from density 
distribution) then one would expect 
Fig 9 and 10 to have similar plots. It is 
not clear why carbonyl iron should 
depart from this. It may be related to 
the fact that of all the powders here 
used carbonyl iron compacted with 
wall lubrication showed the greatest 
increase in percent of solid density 
over compaction in the unlubricated 
state. It thus behaves more like a solid 
than the other powders used. 

Fig 11 and 12 are plots of average 
radial pressure P, (end increment) ver- 
sus compacting pressure. Fig 11 is for 
metal powders pressed without lubrica- 
tion, and Fig 12 for those pressed with 
stearic acid wall lubrication. Both 
plots are in the form of shallow curves, 
slope gradually increasing with plunger 

-pressure. For copper powder, type C, 
pressed at like pressures, values of Po 
(within the limits of experimental 
error) are equal for lubricated and un- 
lubricated compacts. For Swedish and 
carbonyl irons, (especially the latter) 
pressed with wall lubrication, values of 
P, in Fig 12 appear to be somewhat 
higher than for the unlubricated state. 
It cannot be said whether or not the 
_ departure is due to error, since it is 
not a marked deviation. It is possible 
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FIG 12—Variation of radial pressure P, (end increment) with 
plunger pressure, both in pounds per square inch. 


One inch compacts, stearic acid wall lubrication. 
O Copper LB (—100 mesh) 
X Swedish Sponge Iron (—100 mesh) 


that the stearic acid wall lubrication, 
being in a thick coating, is acting as a 
semifluid, transmitting pressure to the 
die wall in a quasihydrostatic fashion. 

Some of the most significant results 
obtained are those concerning average 
shear stress 7; and coefficient of fric- 
tion on the die wall adjacent to the 
plungers. These results are for un- 
lubricated pressing to a final height of 
one inch. (See Fig 13 and 14). For cop- 
per, type LB (—100 mesh), the curve 
of shear stress (Fig 13) rises sharply 
with steadily increasing slope. The 
point for 60,000 psi compacting pres- 
sure (Test C-10-a) is very low because 
of extrusion of copper into the space 
between plunger and die wall. Due to 
such extrusion a large shear stress was 
acting on the wall toward the ends of 
the die (negative shear). This caused 
the average value of shear stress to be 
very low. The shear stress curve for 
copper type C (—325 mesh) follows 
more or less parallel and below the 
curve for type LB. There are only three 
points on this curve, however. The duc- 
tility of the copper undoubtedly ac- 
counts for the sharp rise of the copper 
shear curves. At the beginning of press- 
ing, the copper particles have only 
point contact with the wall. As pressing 
continues they deform, increasing the 
area in contact with the die wall, and 
thus increasing the shear stress acting 
on that wall. The type C copper, hav- 
ing only fine particles, initially has a 
smaller total contact area with the die 
wall and thus a lower shear stress for 
given plunger pressure. As the fine 
particles are pressed, they do not pack 
as well as the type LB copper, which 
has a wider particle size distribution. 
Consequently the area of contact with 
the die wall, while it increases, never 
reaches (for a given plunger pressure) 
that of the type LB copper. Thus. the 
curves of shear stress versus plunger 
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pressure rise sharply, in parallel fashion 
for the two types of copper powder. 

The shear stress plot (Fig 13) for car- 
bony] iron appears to be a straight line, 
and that for Swedish iron nearly so. 
This is because of the lesser ductility of 
the two metals as compared to copper. 
While at low compacting pressures the 
shear stresses for iron are higher than 
those of copper, this is not true at 
higher pressures. The wall-particle 
contact area cannot increase as rapidly. 
Plots for the two types of iron are 
nearly parallel, with the carbonyl iron 
values being higher, even though the 
Swedish iron is more ductile. This is in 
part related to the fact that Swedish 
sponge iron cannot (under like condi- 
tions) be compacted to as high an 
average density as carbonyl iron. The 
less dense packing of the former con- 
tributes to a lower wall-particle contact 
area. In addition, the wide difference 
in chemical composition of the two 
types of irons affects their mechanical 
behavior. 

Fig 14 shows the variation of coeffi- 
cient of friction with compacting pres- 
sure. The plots for all the metal pow- 
ders (with the exception of copper, 
type C, for which only three points are 
known) show an increase, followed by 
a decrease. The decrease is especially 
marked for type LB copper due to the 
low shear stress of test C-10-a before 
noted. Initial increases, with higher 
compacting pressure are due to increase 
in wall-particle contact area by par- 
ticle deformation. The final decrease is 
probably caused by the compact reach- 
ing a point where strain hardening of 
the metal slows down the deformation 
of particles. Thus the wall-particle 
contact area and shear stress no longer 
increase rapidly. The coefficient of 


e 
friction p then decreases because the 
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radial pressure P; continues to rise 
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FIG 13—Variation of shear stress 7; (end increment) with 


plunger pressure, both in pounds per square inch. 
One inch compacts, no lubrication. 


A Copper C 


) 
X Swedish Sponge Iron (—100 mesh) 
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steadily as compacting pressure be- 
comes greater. (See Fig 11 and 12). 
This explanation is borne out by the 
curve, in Fig 14, for copper. It strain 
hardens less rapidly than iron, and 
therefore the coefficient of friction does 
not reach a maximum until plunger 
pressure is quite high. The curves for 
iron fall off much sooner. 

From the curves of shear stress and 
coefficient of friction versus compacting 
pressure plotted in Fig 13 and 14, we 
may draw some conclusions about 
ejection pressures. For soft ductile 
metals, the ratio of ejection pressure to 
compacting pressure should be high. 
On the other hand, harder, less plastic 
powders should have a low ratio of 
ejection pressure to compacting pres- 
sure. It is known that tin compacts, for 
instance, require a greater force for 
removal from the die; they seem to 
“drag” on the die wall. Tungsten 
compacts, pressed under like condi- 
tions, are much more easily ejected. 

The data for shear and coefficients 
can be compared to some results ob- 
tained by Kamm, Steinberg and 
Wulff,? working with lead grids. These 
authors calculated point-to-point val- 
ues of the coefficient of friction. One of 
their compacts, number S-66 (car- 
bony] iron, type L), was pressed in a 
die of 0.560 in. diam, at 32,000 psi, 
from an initial height of 0.55 in. No 
lubrication was used, and pressing was 
from one end only. The average coeffi- 
cient, of friction, over the entire final 
height (obtained by averaging their 
point-to-point data) was 0.282. The 
test in the present investigation that 
compared to their compact was number 
E-5-d. This was performed on the same 
material, pressed from both ends at the 
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same pressure, without lubrication, but 
to a final height of 1.00 in. The die was 
1.128 in. in diam. The average coeffi- 
cient of friction over the end increment 
(L = 0.33 in.) was 0.261. Even with the 
entirely different sizes of compact and 
die and different method of measure- 
ment the results are within 8.0 pct of 
each other. In their point-to-point 
calculation Kamm et al found the 
coefficient of friction to be zero ad- 
jacent to the static plunger. Therefore 
in pressing from both ends, the shear 
stress would be zero at the center of 
the compact. This was the assumption 
made in developing the present theory. 

The surprising results of the present 
tests are the relatively small magni- 
tudes of wall shear stresses. The largest 
is less than 5000 psi. The test results 
are confirmed, however, by the small 
magnitude of shear stress that could be 
supported without slippage between 
compact and die in the check test, de- 
scribed under Experimental Procedure. 
It was 6381 psi, and its value was 
ascertained by a direct calibration. 
Since sliding friction is in general less 
than static friction, the magnitude of 
stress encountered in the die must be 
of that order, or less. 

All shear stresses in compacts pressed 
with stearic acid wall lubrication were 
in the neighborhood of zero, some in 
fact being negative. This latter has no 
physical significance, being due rather 
to errors of the method. It can only 
be concluded then that. stearic acid, 
when used as a _ wall lubricant, 
reduces wall shear stress to nearly 
zero. Tests C-12-b, C-14-a, and C-15-a 
give comparative data for different 
wall lubricants. All three compacts 
were type LB copper, pressed at 


One inch compacts, no lubrication. 
O Copper LB (—100 mesh) 

A Copper C ) 

< Swedish Sponge Iron (—100 mesh) 
+ Carbonyl] Iron L 


(—325 mesh 


30,000 psi to a final height of one inch. 
They show that stearic acid is most 
effective in reducing shear, while col- 
loidal graphite and molybdenum sul- 
phide are not as good. The last two 
lubricants are, however, better than 
none. 

A further interesting experiment was 
performed with compact C-2-a (copper 
type LB) after the plunger pressure 
had been released. The compact had 
been pressed to a final height of one 
inch, at 40,000 psi. Radial pressure Po 
in the center increment of the compact 
was 23,129 psi; that in the end incre- 
ment, P;, was 15,756 psi. The average 
shear 7; over the end increment, acting 
axially on the die wall toward the 
center of the compact, was 4799 psi. 
After release of plunger pressure in 
test C-2-a, another strain record was 
taken. This showed Py had dropped to 
9503, P: to 7213, and 7; to —3098 psi. 
The negative sign before the shear 
stress indicates a reversal of direction. 
The shear stress then acted on the die 
wall away from the center of the com- 
pact. (Or, if looked at the other way 
around, the shear acting on the com- 
pact is toward the center.) 

Physically interpreted, the results 
may explain the cause of lamination 
cracks in hard powders. When com- 
pacting pressure was released, the die 
(which had been bulged elastically), 
contracted about the compact. This 
tended to squeeze it axially from the 
center of the die towards the ends, thus 
reversing the direction of shear acting 
on the die wall. This squeezing action 
causes the center of the compact to be 
extruded toward the ends of the die. 
The circumferential surface of the 
compact, in contact with the die wall, 
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cannot move. Thus it is along the axis 
that such extrusion takes place. The 
plane of the center of the compact (par- 
allel to the end of the die) is subjected 
to axial tensile stress. In a hard powder 
this causes a crack to start, which 
spreads across the compact resulting in 
a laminar crack. If such be the case, 
lamination cracks probably originate 
while the compact is still in the die, 
following the release of plunger pres- 
sure. They spread to the surface fol- 
lowing ejection from the die. 

The foregoing explanation of lamina- 
tion cracks has immediate practical 
implications. Wall lubrication, by lower- 
ing the retarding friction, will permit 
the circumference of the compact to 
move with the axial portion, and pre- 
vent laminar cracking following the 
release of plunger pressure. The tend- 
ency to crack will thus be reduced. It 
is well known that hard powders, com- 
pacted without lubrication, will almost 
always form cracks. However, the 
cracking of compacts made of soft 
powders, but pressed at extremely high 
pressures, is also explained. Because 
of the high pressure, the elastic bulge 
of the die will be large. After release of 
plunger pressure, the shear stress acting 
on the die wall toward the ends of the 
die is therefore very large. The extrud- 
ing force, acting to push the axial por- 
tion of the compact toward the end of 
the die, is also large. Consequently, 
even though the compact is of a com- 
paratively soft, ductile material, a 
laminar crack will result. The most 
important implication, however, is of 
interest to the die designer. Since 
cracks are caused by the elastic bulge 
of the die during pressing, the con- 
trolling factor in die design is rigidity, 
not strength. Whereas a die wall ratio 
(ratio of outer wall diameter to bore 
diameter) of 3 or 4 might satisfy even 
the highest requirements for strength, 
it may very well not result in a die 
rigid enough to prevent cracking in the 
compaction of hard powders. With 
knowledge of radial pressures acting on 
the interior die wall, it is possible, in 
the light of existing theory,’ to calcu- 
late elastic strains and deflections of 
the die. 


Discussion of Results and 
Conclusions 


By analysis of elastic strains of the 
die during pressing, average shear and 
radial pressures may be calculated over 
the length of a compact pressed from 
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both ends. The results of the analysis 
aid in forming a picture of the pressing 
process. During compaction, the pow- 
der flows axially through the die, pro- 
pelled by the plunger. If the die walls 
are smooth and well-lubricated, the 
flow will be fairly even across the die 
and thus a higher average density, and 
a more even density distribution result. 
If the die walls are rough, or there is no 
wall lubrication, frictional effects cause 
marked retardation of powder move- 
ment at the die wall. More flow then 
takes place in the axial portion than in 
the circumferential portion. Average 
density will, as a result, be lower and 
density distribution will be less even. 
Die wall friction is therefore one of the 
most important factors controlling the 
density distribution of a metal powder 
compact. 

Friction between the compact and 
the die wall is responsible for shear 
stresses at the wall of the die. Such 
stresses are of least magnitude at the 
middle circumference of the compact 
(when pressed from both ends) and 
highest adjacent to the plungers. 
Radial pressures on the other hand are 
distributed in a reverse fashion, the 
maximum stress being at the middle 
circumference and the minimum at the 
plungers. The magnitude of the radial 
pressures are, as to be expected, 
largely a function of the compacting 
pressure employed. The one exception 
found in this work was the extremely 
fine and hard carbonyl iron powder. 

Wall shear stresses during compac- 
tion without lubrication are functions 
of ductility and particle size distribu- 
tion of the metal powder. Fine particle 
size (with attendant less dense packing 
and low wall-particle contact area) in 
general gives rise to lower shear 
stresses. Hard metal powders, the par- 
ticles of which cannot deform to a great 
degree, will have a relatively low wall- 
particle contact area for a given com- 
pacting pressure. Because of strain 
hardening, this area does not increase 
rapidly. For soft, ductile powders, the 
opposite is true. Consequently, for the 
latter type, shear stresses rise rapidly 
as compacting pressure increases. 

The same two factors, ductility and 
particle size distribution, affect the 
variation with compacting pressure of 
the coefficient of friction. Radial pres- 
sure increases steadily with increasing 
plunger pressure. Therefore, the coeffi- 
cient of friction at first imcreases as 
wall-particle contact area increases 


rapidly and then decreases as strain 
hardening effects arise. Hard powders 
usually strain-harden at a faster rate 
than ductile powders. For the former, 
therefore, maximum coefficient of fric- 
tion is reached at a lower compacting 
pressure. 

The results of the present investiga- 
tion also show that the strength of a die 
may not necessarily be the controlling 
factor in the problem of proper die 
design. A die may adequately with- 
stand, without plastically yielding, the 
stresses involved in pressing. During 
pressing, however, the center portion 
may bulge elastically. Following the 
release of plunger pressure, the walls 
try to assume their normal configura- 
tion. Die-wall friction then retards 
movement of the compact surface, yet 
the center is squeezed in the axial direc- 
tion. The resulting axial tension starts 
a laminar crack, which more often 
spreads to the surface following ejection 
from the die. While the condition can 
be partially relieved by wall lubrica- 
tion, a more satisfactory solution lies 
in design of the die. The die should be 
strong enough to not only withstand 
the stresses, but also to prevent large 
elastic radial deflections. A thin-walled 
steel or carbide die is then best mounted 
in a heavy-walled steel or cast-iron 
jacket. 

The experimental work reported in 
this paper may be summarized as 
follows: 

1. For a given height of compact, 
average density increases with com- 
pacting pressure. For constant com- 
pacting pressure and die diameter, 
average density decreases with in- 
creasing height of compact. 

2. Radial pressure on the die wall 
is greatest at the center of the compact, 
and least at the ends. Shear stress has 
the reverse type of distribution. 

3. Die-wall friction is the most im- 
portant single factor controlling den- 
sity. With no lubrication, frictional 
shear stresses are a function of particle 
size distribution and ductility of the 
metal powder. Wide particle size distri- 
bution, with attendant dense packing, 
causes the shear stresses to be high. Soft 
metal powders cause shear stresses to 
increase rapidly with compacting pres- 
sure. 

4. The coefficient of friction between 
powder and die wall first increases, 
then decreases with increasing com- 
pacting pressure. Increasing radial 
pressure, which continues to rise 
steadily with compacting pressure, is 
responsible for the decrease in coeffi- 
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cient of friction. For soft powders (low 
rate of strain hardening) the coefficient 
of friction reaches a maximum at a 
higher compacting pressure than for 
hard powders. 

5. For a die with smooth interior 
wall, frictional shear stresses may be 
reduced to practically zero by the use 
of wall lubricants. 

6. Because of elastic deformation of 
a die during pressing, rigidity rather 
than strength is a necessary criterion 
for die design. Elastic bulging of a die 
results in the formation of laminar 
cracks. 
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Rectangular Hysteresis Loops of Co-Ni-Fe Alloys 


R. A. CHEGWIDDEN* 


In view of the current interest in 
magnetic materials having rectangular 
hysteresis loops, as for example those 
obtained with the grain oriented 50 
nickel 50 iron alloys,t we wish to call 
attention again to the results obtain- 
able with the perminvar (Co-Ni-Fe) 
alloys heat treated in a magnetic field. 

Data taken from direct current 
measurements made prior to and dur- 
ing World War II give the typical 
values shown below for two of the per- 
minvar alloys. Fig 1 and 2 show the 
hysteresis loops for these samples. 

The first sample above consisted of 
small rings punched from 0.014 in. 
sheet stock. These rings were heat 
treated at 1000°C for one hour in a 
hydrogen atmosphere and then cooled 
with the furnace to 750°C at which 
point they were subjected to a mag- 
netic field of 15 oersteds maintained 
during cooling to room temperature. 
The molybdenum perminvar sample 
consisted of a spirally wound core of 
0.001 in. tape. The heat treatment was 
the same except that box annealing 
methods were used and no hydrogen 


atmosphere was employed. Even better | 


properties might be expected using 
hydrogen. The heat treating tempera- 
tures and cooling rates are not critical. 
Rectangular hysteresis loops produced 
in other perminvar alloys by heat 
treatment in a magnetic field were de- 
scribed earlier.1.2 

' Properties similar to those described 
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FIG 1—Hysteresis loop for 0.014 in. 


perminvar rings (43 Ni 34 Fe 23 Co) heat 
treated in a magnetic field. 
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FIG 2—Hysteresis loop for 0.001 in. 
molybdenum perminvar tape core (34 Ni 
34 Fe 29 Co 3 Mo) heat treated in a mag- 
netic field, 


Nominal Composition Thickness Bmax Br Br/Bmax| He igs p 
43 Ni 34 Fe 23 Co 0.014 in. 15650 15600 0.995 0.07 150,000 20 
34 Ni 34 Fe 29 Co C3Mo 0.001 in. 15200 14500 0.955 0.19 72,000 52 


Bmax = flux density in gausses at H = 20 oersteds 
Br = residual flux density in gausses 
c¢ = coercive force in oersteds 
umax = Maximum permeability 
p = resistivity in microhm-cm 


above are realized in perminvars manu- 
factured by conventional methods. 
Drastic cold working which in practice 
limits the final thickness and is gen- 
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erally expensive may thus be avoided. 
This information may be of interest to 
those concerned with magnetic alloys 
and the development of contact recti- 
fiers, magnetic amplifiers and so on. 
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Introduction 


Dimensional changes generally occur 
during the sintering of metal powder 
compacts. These changes may have 
several causes and their magnitude de- 
pends upon the numerous variables 
involved in the process, such as the 
nature of the powder, size and shape of 
the grains, compacting pressure, rate 
of heating, maximum temperature, 
length of time at temperature, and 
furnace atmosphere. Among all the 
variables, time, temperature, and com- 
pacting pressure are probably the most 
important ones, and the effect of each 
one of the other variables can be stud- 
ied separately once the effect of these 
is well understood. 

The most precise method of study- 
ing the phenomenon of dimensional 
changes in a compact consists of heat 
treating the compacts at various tem- 
peratures for different lengths of time. 
In this method, only very small speci- 
mens can be used, in order to achieve 
rapid rates of heating and cooling. The 
technique involved in these meas- 
urements is very simple, but is time 
consuming. Another experimental ap- 
proach to the problem consists of 
measuring the change in length of a, 
compact as it is being heated at a con- 
stant rate. Although the two variables, 
time and temperature, are combined 
into a single one (rate of heating), the 
results obtained by this technique may 
be of great interest from both practical 
and theoretical points of view. The 
purpose of this paper is to describe a 
systematic investigation of the change 
in length during sintering of compacts 
made of one or several metal powders. 


Experimental Procedure 
The ‘change in lenght of compacts 
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FIG 1—Principle of the dilatometer pick-up mechanism. 


during sintering was measured with an 
automatic recording dilatometer. In 
this instrument the change in length 
and the temperature are recorded as 
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functions of time on two separate 
charts and the rates of heating and 
cooling may be varied from 1 to 20°F 
per min. The temperature may be kept 
constant at any value up to 2200°F 
during any predetermined length of 
time and the change in length recorded 
as a function of time. Provision is made 
for atmosphere control inside the fused 
silica tube containing the specimen. 
Three different magnifications are pro- 
vided, so that 1 in. on the chart corre- 
sponds to 0.002, 0.005, or 0.010 in. 
change in length. 

The mechanism following the change 
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FIG 2—Thermal expansion curve of copper compacted at 


20,000 psi. 


(1) Rate of heating 7°F per min. (2) Results of isothermal test. 


(3) Solid copper. 


in length of the specimen consists of a 
mechanical pickup coupled with an 
electrical transmission to the recorder. 
The principle of this method is shown 
in Fig 1. The motion of the specimen is 
transmitted by the quartz rod to the 
movable section B of a reed gauge 
mechanism. When the movable section 
B of the gauge is displaced with respect 
to the fixed section C, the wand D is 
displaced from its equilibrium position. 
The scissors mechanism F transfers 
the movement of this wand as an 
angular displacement of the clutch 
bar F. The rotating cams G reposition 
the clutch bar F to equilibrium position 
causing rotational movement of the 
drive disk H and the contactor J. This 
motion also rotates the lead screw K 
which causes the fixed section C of the 
reed mechanism to follow the motion 
previously imposed on the movable 
section B and thus return this mecha- 
nism to equilibrium. The position of 
the contactor J on the slide wire M is 
transmitted electrically to the slide 
wire in the recorder. 

The standard specimen used in this 
investigation was | in. long and 1% in. 
square in cross-section. These speci- 
mens were compacted in a hard steel 
die in which the pressure was applied in 
a direction perpendicular to the length 
of the specimen. All tests were per- 
formed in an atmosphere of pure 
hydrogen. 


Compacts Made of a Pure 
Metal 


A thermal expansion curve which 
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may be considered as typical of a pure 
metal compact is shown in Fig 2. This 
curve was obtained with a copper 
specimen compacted at 20,000 psi and 
made of a classified powder having 
particle sizes between 74 and 43 mi- 
crons. The compact was heated at a 
rate of 7°F per min. The first portion 
of the curve, up to a temperature of 
about 600°F represents the normal 
thermal expansion of copper. As soon 
as sintering takes place in the compact, 
shrinkage counteracts the normal ther- 
mal expansion and the curve deviates 
from that of a solid bar of copper. As 
the temperature increases, shrinkage 
proceeds faster, the thermal expansion 
curve reaches a maximum, and finally 
drops very rapidly. 

The change in length occurring dur- 
ing cooling at a constant rate can be 
measured, and the shape of the expan- 
sion curve is also shown in Fig 2. At 
the beginning of the cooling stage, the 
contraction of the specimen is larger 
than that which would correspond to 
the normal coefficient of thermal ex- 
pansion of the metal. It is probable 
that during this period some sintering 
is still in progress, but at a lesser rate 
than during the heating period in the 
same temperature range. As the tem- 
perature is lowered the expansion curve 
follows closely that of a solid metal, 
showing that all contraction caused by 
sintering has ceased. 

In interpreting the thermal expan- 
sion curves of a compact during sinter- 
ing, it must be remembered that the 
two variables, time and temperature, 
are combined into one. Obviously, such 
curves do not represent equilibrium 
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FIG 3—Thermal expansion curves of copper compacted at 


80,000 psi. 


Recorded at various rates of heating: 


per min, — —— LI°8 permin: 
——— 18°F per min. 


conditions, and would be affected by 
the rate of heating. For rates of heating 
normally used in practice, however, the 
effect is relatively small. A series of 
curves obtained at rates of heating 
from 3 to 18°F per min is shown in Fig 
3. As could be expected, after definite 
contraction has set in, the expansion 
curve drops faster for smaller rates of 
heating. There should be a limit, how- 
ever, to the shift of the expansion curve 
toward greater shrinkage as the rate of 
heating becomes smaller. The limiting 
curve, which would correspond to an 
infinitely slow heating can be approxi- 
mated by making isothermal experi- 
ments and measuring the change in 
length of a compact versus time. Such 
experiments have been described in a 
previous paper! and the results ob- 
tained with a copper powder with par- 
ticle size ranging from 74 to 43 microns 
are reproduced in Fig 4, in which the 
percentage shrinkage is plotted as a 
function of time. For a given tempera- 
ture, shrinkage proceeds very fast 
‘during the first few hours, and little 
additional decrease in dimensions is 
obtained after a long sintering time. 
From these results it is not possible to 
decide whether the shrinkage, after the 
initial period of sintering, tends toward 
a limiting value or increases at a con- 
stant rate. In any case, the shrinkage 
obtained after a sintering time of the 
order of 50 hr may be assumed to repre- 
sent a practical limiting value. Within 
this approximation, it is possible to 
trace on the graph of Fig 2 the limiting 
thermal expansion curve which would 
correspond to a very small rate of heat- 


1 References are at the end of the paper. 
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compacts at various temperature. 


ing. Above the temperature at which 
shrinkage becomes measurable, this 
curve deviates from that recorded at a 
rate of 7°F per min but both curves 
have essentially the same shape. It is 
particularly interesting to note that 
both curves separate from the normal 
thermal expansion curve of solid cop- 
per at almost the same temperature. 
Hence, the thermal expansion curve of 
a compact recorded at a normal rate 
of heating can give valuable informa- 
tion on the minimum temperature at 
which sintering proceeds at a measura- 
ble rate. 

The influence of the compacting pres- 
sure can also be detected by thermal 
expansion analysis. In general, the ex- 
pansion curves illustrate clearly the 
well known fact that the shrinkage of a 
compact is greater for smaller com- 
pacting pressure. As an example, a 
series of thermal expansion curves 
recorded for copper, cobalt, and molyb- 
denum compacts prepared at various 
compacting pressures are shown in 
Fig 5, 6, and 7, respectively. All the 
curves are essentially of the type previ- 
ously described as normal, and for the 
three metals the effect of increasing the 
compacting pressure is to increase the 
temperature at which a given percent- 
age shrinkage is reached. 

Most of the pure metal powder com- 
pacts studied in this laboratory so far 
have exhibited the normal type of 
thermal expansion curves described 
above. One of the copper powders 
tested, however, showed an abnormal 
behavior under compacting pressures 
above approximately 60,000 psi. At a 
temperature of about 1600°F, an ab- 
normal expansion or swelling took 
place. This swelling, almost negligible 
at 60,000 psi, became greater with 
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FIG 5—Thermal expansion curves of copper compacted 
at various pressures and recorded at a rate of heating of 7°F 


per min. 
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increasing compacting pressure and 
was about 1.2 pct at 90,000 psi. The 
thermal expansion curves recorded 
with this particular copper powder 
have been published elsewhere.” Ther- 
mal expansion curves showing a similar 
swelling of copper compacts have been 
obtained by other investigators. * 

The first possible explanation for the 
swelling of a compact/is based on the 
existence of gas pockets enclosed in the 
compacts by the high compacting 
pressure. When the temperature is in- 
creased, sintering may start before the 
gas can escape between the particles 
and the increasing gas pressure may 
cause plastic flow of the partially sin- 
tered metal. In the particular case con- 
sidered here, the explanation was 
weakened by the results of experiments 
made with the same copper powder in 
which both the pressing of the compact 
and the recording of the thermal ex- 
pansion curve were done in vacuum.* 
The specimens still expanded at high 
temperature and essentially the same 
thermal expansion curves were meas- 
ured. The entrapped gas theory would 
still remain an explanation, however, 
if it were supposed that the gas pockets 
were already inside the particles of 
powder before pressing and are there- 
fore not affected by vacuum. The 
existence of such gas inclusions is con- 
sistent with the spongy structure of the 
powder, and the explanation seems at 
the present time a logical one. 


Special Case of Iron 
Compacts 


The dimensional changes taking 


——— 100,000 psi. 


place during the sintering of iron com- 
pacts are greatly influenced by the 
allotropic change from a to y iron. 
The thermal expansion. curve (see Fig 
8 A) is of the normal type previously 
described, up to the critical tempera- 
ture at which an abrupt contraction 
indicates the transformation from a 
to y iron. As soon as this transforma- 
tion has taken place, the curve starts 
upward with a slope corresponding ap- 
proximately to the coefficient of expan- 
sion of y iron. As the temperature 
increases, shrinkage due to sintering 
becomes noticeable and the curve 
deviates from the normal thermal ex- 
pansion of solid iron, as in the a range. 

Before discussing the particular 
shape of the thermal expansion curve of 
iron, other features shown in Fig 8 re- 
quire a short explanation. The influ- 
ence of compacting pressure, which is 
quite apparent in the two sets of 
curves, is in accordance with the previ- 
ous observation on other pure metal 
compacts. The influence of the particle 
size is not very marked, and it would 
be difficult to base any conclusion from 
the small difference existing between 
the two sets of curves, mostly because 
the two powders are probably differ- 
ent in impurity content. The effect of 
impurities is clearly shown by the tem- 
perature at which the transformation 
took place. The critical temperature of 
the fine powder is 1670°F, which is 
that of pure iron. The coarse powder 
transformed at about 1570°F, and this 
low critical temperature is an indica- 
tion of the presence of impurities, most 
probably carbon. 
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As stated above, the most important 
feature of the thermal expansion curves 
of iron compacts is the upward trend of 
the curve just above the critical tem- 
perature. The discontinuity in the rate 
at which shrinkage proceeds through 
the critical temperature suggests that 
near the transformation point the rate 
of sintering of y iron is much smaller 
than that of @ iron. In an effort to 
bring more evidence to this conclusion, 
the following experiment was_ per- 
formed: An iron compact, prepared 
with MD-111 powder, was heated in 
the dilatometer at a rate of 7°F per 
min. up to a temperature of 1620°F, 
that is, slightly below the transforma- 
tion. At this temperature the shrinkage 
was recorded as a function of time. A 
second compact was then investigated 
by the same method, but the isothermal 
measurements were started at 1690°F, 
that is, slightly above the a > y trans- 
formation. The two resulting curves 
are reproduced in Fig 9, in which the 
expansion (or shrinkage) is plotted 
versus time, together with the tem- 
perature versus time curves of the two 
experiments. 

Up to 1620°F, the two expansion 
curves are obviously very close to each 
other, the slight difference being due to 
experimental errors and most probably 
also to the lack of perfect similitude of 
the two specimens after compacting. 
During the isothermal part of the test 
it is quite clear that the sample main- 
tained below the critical temperature 
contracted at a much faster rate than 
that maintained above the critical 
temperature. The net shrinkage one 
hour after the temperature reached a 
constant value was 0.85 pct for the 
specimen heated to 1620°F and only 
0.05 pet for the specimen heated to 
1690°F. The obvious conclusion is that 
in the region of the a— y transforma- 
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tion temperature, the rate of sintering 
is much greater in the a range than in 
the y range. 

This result may be correlated with 
observations previously reported by 
various investigators. For example,°® it 
was shown that both density and ten- 
sile strength of sintered iron compacts 
increase first with sintering tempera- 
ture, but undergo a marked drop in the 
vicinity of the critical temperature. 
Most of the systematic investigations 
of sintered iron, however, have been 
made at sintering temperatures above 
the transformation.* The fact that the 
rate of shrinkage of a compact heated 
just below the critical temperature is 
greater than that above this tempera- 
ture might be used advantageously in 
practical application where maximum 
density and hence maximum tensile 
strength are desired. In this case, the 
sintering should be carried on at ap- 
proximately 1600°F for as long a time 
as practical, then the temperature 
should be increased to a higher value, 
for example 2000°F as was used in 
Ref. 6. By this technique, advantage 
could be taken of the rapid rate of 
shrinkage occurring in the a range, 
while the final high temperature treat- 
ment would achieve a_ satisfactory 
sintering. 


Case of Alloyed Powders 


Apriori, it could be stated that the 
mechanism of sintering of a compact 
made of alloyed powder is not essen- 
tially different from that of a pure 
metal compact. As far as the dimen- 
sional changes are concerned, this 
statement has been verified in the cases 
of a copper-nickel powder (30 pct 
copper and 70 pct nickel) and a stain- 
less steel powder of the 18-8 type. A 
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FIG 7—Thermal expansion curves of molybdenum com- 
pacted at various pressures and recorded at a rate of heating 


set of thermal expansion curves of 
compacts made with the copper-nickel 
powder is shown in Fig 10, and similar 
curves for stainless steel powder have 
previously been published.’ All these 
curves are of the normal type generally 
encountered with pure metals. 


Compacts Containing Two 
Metal Powders 


During sintering of a compact con- 
taining two metal powders, relatively 
large dimensional changes are fre- 
quently observed. The swelling of 
copper-tin and copper-zinc compacts 
are familiar examples. These dimen- 
sional changes may be studied by 
dilatometric measurements. The inter- 
pretation of thermal expansion curves, 
however, is often more complicated 
than in the case of a pure metal. To 
make this interpretation as clear as 
possible, it is recommended procedure 
to prepare the mixtures with powders 
which, tested individually, would have 
the normal type of thermal expansion 
curve described in the previous section. 
If this precaution is taken, any abnor- 
mal swelling observed during the 
sintering of the mixture is most prob- 
ably due to interaction between the 
two powders. As a result of numerous 
experiments performed at this labora- 
tory on the sintering of compacts made 
of two powders, it was found that the 
thermal expansion curves during sinter- 
ing were of two basic types. These two 
types will first be described and tenta- 
tive explanations for the dimensional 
changes will then be discussed. 


COPPER-NICKEL COMPACTS 


During the sintering of copper- 
nickel compacts, no abnormal expan- 
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FIG 8—Thermal expansion curves of iron powder compacts recorded at a rate of 


heating of 7°F per min. 
A. Particle sizes between 147 and 104 microns. 
B. Particle sizes smaller than 43 microns. 


sion has been observed. The thermal 
expansion curves recorded with pow- 
ders of various kinds and pressed at 
compacting pressures varying from 
20,000 to 100,000 psi were all of the 
normal type which is characteristic of 
each powder taken separately. This 
study was supplemented by X ray 
diffraction measurements which showed 
that simultaneously with the shrinkage 
of the compact, diffusion takes place 
and when the compact reaches a tem- 
perature of 2200°F at a rate of 6°F per 
min. its structure is that of the equilib- 
rium solid solution between copper and 
nickel. The details of this investigation 
have been published elsewhere.?:® 

As far as the present study is con- 
cerned, suffice it to say that for copper- 
nickel compacts the diffusion of the 
metals into each other does not cause 
any perturbation in the progression of 
the normal shrinkage during the process 
of sintering and the thermal expansion 
curve is of the type observed for a nor- 
mal pure powder. 


COPPER-ZINC COMPACTS 


The salient feature of the thermal 
expansion curves of copper-zinc com- 
pacts during sintering is a large swelling 
of the compact in a range of tempera- 
ture from about 300 to 700°F. This has 
been previously discussed for compacts 
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containing 70 pct copper and 30 pct 
zinc.2 It was shown that the critical 
temperature marking the beginning 
and the end of this abnormal expansion 
depended upon the fineness of the pow- 
ders but not upon the compacting 
pressure. The effect of composition has 
been recently investigated, and typical 
thermal expansion curves for compacts 
containing from 5 to 45 pct zinc are 
shown in Fig 11. The copper powder 


(MD-151) from Metals Disintegrating 
Co., Elizabeth, N. J.) used for these 
measurements was 50 pct between 200 
and 325 mesh and 50 pct finer than 325 
mesh and the zinc (MD-201 from the 
same source) was all finer than 325 
mesh. The curves of Fig 11 indicate 
clearly that by increasing the percent- 
age of zinc in copper, the magnitude of 
the swelling of the compact is steadily 
increased, but the two temperatures 
between which this swelling occurs do 
not seem to be affected. 

A study of the various phases present 
during the sintering of 70-30 copper- 
zinc compacts has been previously 
made by X ray diffraction.? It was 
shown that the temperature at which 
the thermal expansion curve has a sud- 
den increase coincides with a rapid 
diffusion of zinc into copper and at 
300°F the presence of the e€ phase was 
already noticed. At all temperatures 
along the ascending portion of the ex- 
pansion curve, pure zinc and _ inter- 
mediate phases were present and at the 
end of the ascending portion (about 
590°F) all the zinc had been absorbed 
into 6 and a phases. It is therefore 
apparent that the abnormal thermal 
expansion between 300 and 550°F 
coincides with the progressive disap- 
pearance of the particles of zinc and 
their absorption by the particles of 
copper. A tentative explanation of the 
increase in volume during the sintering 
of copper-zinc compacts may be based 
on the assumption that during the 
process of diffusion, the zinc particles 
are absorbed by the copper particles, 
which, as a result, grow in size leaving 
cavities in place of the zinc particles. 
The mass transfer of zinc into copper 
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FIG 9—Expansion and temperature vs. time curves for two experiments made with 
iron powder compacts pressed at 80,000 psi. 
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——-—-— Isothermal test in y range 
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FIG 10—Thermal expansion curves of alloyed copper-nickel powder compacts. 


during diffusion is the main hypothesis 
in this explanation. It may be justified 
on the basis that zinc is soluble in cop- 
per, whereas copper is practically in- 
soluble in zinc. The results of the 
measurements described above provide 
a new argument in favor of the absorp- 
tion of zinc hypothesis. It is indeed 
quite clear that if zinc moves into the 
copper particles, cavities are formed 
and the amount of swelling of the com- 
pact should increase steadily with the 
percentage of zinc. This is exactly what 
has been found experimentally, as 
shown by the curves of Fig 11. 


FACTORS INFLUENCING THE DI- 
MENSIONAL CHANGES OF COM- 
PACTS CONTAINING TWO POW- 
DERS 


The nature of the phase diagram be- 
tween two metals is a determining fac- 
tor controlling the occurrence of the 
swelling of the compact. In the case of 
copper-nickel, in which no abnormal 
expansion is observed, the two metals 
form a complete series of solid solu- 
tions, so that either one of the two 
metals is able to dissolve the other. 
This condition may be necessary to 
prevent any swelling, but does not 
seem to be sufficient. Experiments 
performed on chromium-molybdenum 
compacts ranging in composition from 
10 to 90 pct, by steps of 10 pct, ex- 
hibited a maximum increase in dimen- 
sions of 16 pct, as shown in the curve of 
Fig 12, and yet these two metals form a 
complete series of solid solutions.° 

There is therefore another condition 


576 . . . Metals Transactions, Wol. 185 


which must be fulfilled to prevent 
swelling of the compact during diffu- 
sion, and it is quite logical to believe 
that this condition is that the rates of 
diffusion of either one of the two metals 
into the other should be approximately 
the same. This condition is satisfied in 
the copper-nickel system. Unfortu- 
nately it is not possible to apply it at 
present to the chromium-molybdenum 
system because the diffusion constants 
for this pair of metals have not been 
determined. 


The explanations suggested for the 
swelling of the copper-zinc compacts 
are supported by several experimental 
results obtained in this laboratory. The 
system copper-10 pct tin exhibits a 
swelling which, by means of X ray 
diffraction, has also been related to the 
absorption of tin into copper.? Com- 
pacts made of 25 pct molybdenum and 
75 pet nickel also have an abnormal 
thermal expansion. The mechanism is, 
in this case, similar to that described 
for the copper-zinc system, since 
molybdenum is soluble in nickel up to 
about 35 pct at 2500°F while molyb- 
denum does not dissolve any appreci- 
able amount of nickel and in addition, 
three intermediate phases are present in 
the phase diagram. 


Conclusions 


The results of experiments described 
in this paper have demonstrated the 
usefulness of the dilatometric method 
in studying the sintering of metal 
powder compacts. In the case of a com- 
pact made of a pure metal, the thermal 
expansion curves recorded on a dila- 
tometer at a constant rate of heating 
give valuable information on the rate 
at which shrinkage proceeds as the 
temperature is increased. In addition, 
a dilatometric test offers a simple 
means of detecting the abnormal 
behavior of some metal powder com- 
pacts which exhibit a swelling during 
sintering. 
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FIG 11—Thermal expansion curves of copper-zinc "com- 
pacts containing various amounts of zinc and pressed at 


40,000 psi. 
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FIG 12—Expansion of chromium-molybdenum compacts 


When a binary alloy is prepared by 
powder metallurgy by mixing the two 
powders before pressing, abnormal 
dimensional changes are likely to take 
place as the result of diffusion. In most 
cases, a swelling is observed in the 
range of temperature in which one of 
the constituents is absorbed by the 
other. This critical range of tempera- 
ture is clearly detected on a thermal 
expansion curve. Since in the sintering 
of large compacts the temperature may 
not be uniform during sintering, the 
existence of large dimensional changes 
may result in an objectionable dis- 
tortion of the compact. There is there- 
fore an advantage in reducing the rate 
of heating in the critical range of tem- 
peratures determined from dilatometric 
measurements. 

As stated before, the thermal expan- 

sion curves of a compact during sinter- 
ing do not provide the kind of data that 
would contribute most to the search 
for a theory of sintering, the reason 
- being that the two independent varia- 
bles, time and temperature, are com- 
bined into one, namely the rate of 
heating. The importance of the dila- 
tometric method should not be mini- 
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measured after sintering for 4 hr at 2500°F. 


mized, however, in view of the fact 
that it has already furnished very 
valuable results, especially in the de- 
termination of the critical range of 
temperatures of compacts containing 
two metal powders. Considered as a 
first step, the method is of great help 
in determining the conditions under 
which the more reliable, but also more 
tedious, isothermal experiments should 
be conducted to bring out the maxi- 
mum amount of information in the 
minimum time. 
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The Isolation of Carbides from 
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Introduction 


Quantitative observations concern- 
ing the carbide phases in high speed 
steel are of importance for two general 
reasons: (1) the carbides, being inevit- 
able constituents of the final structure, 
exert a direct influence on the proper- 
ties of the steel; and (2) a substantial 
proportion of the total alloy content is 
tied-up in the carbides, and hence the 
extent of their solution on austenitizing 
governs the composition of the steel 
matrix. The latter relationship has a 
vital bearing on the response of the 
steel to tempering as well as on its per- 
formance in subsequent service. Ac- 
cordingly, in the course of a long-term 
study of the behavior of high speed 
steels, the authors were confronted 
with the problem of securing quanti- 
tative data on the carbide phases. 

The obvious method for acquiring 
such information is to isolate the car- 
bides from the steel and subject them 
to chemical, X ray diffraction and other 
measurements. There are well-known 
extraction techniques which involve 
the chemical or electrolytic solution of 
the less noble matrix (ferrite, marten- 
site or austenite), thus leaving a 
residue of the carbide phases. However, 
the results obtained must be scrutinized 
carefully? since the carbides may be 
~ affected by the chemical or electrolytic 
action. It is the purpose of the present 
paper to describe the experiments 
leading to an electrolytic-extraction 
technique for quantitatively isolating 
the carbides from both annealed and 
hardened high speed steel. Particular 
attention is paid to the amount, as 
well as the composition, of the carbides 
so that the matrix analysis becomes 
ascertainable by subtraction from the 
overall steel composition. Illustrative 
results are given for the M-2 grade of 
tungsten-molybdenum steel. 


Review of the Literature 


The chemical method of dissolving 
the matrix selectively with respect to 
the carbides makes use of dilute non- 
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oxidizing reagents such as hydrochloric 
or sulphuric acid. Although this simple 
procedure has led to the determination 
of the cementite composition,*»4 it 
achieved only limited success because 
of the interaction between the acid and 
the carbide residue. Some of the car- 
bides may not only be destroyed in 
this way, but the hydrogen released is 
likely to remove part of their carbon as 
hydrocarbon gases. 

The electrolytic technique of iso- 
lating carbides has the advantage of 
rapidly dissolving the specimen (anode) 
in the presence of less reactive solu- 
tions than are practicable with the 
chemical. method. This reduces the 
possibility of chemical attack on the 
carbides, and furthermore, the hydro- 
gen evolved during the electrolysis is 
released at the cathode which is not in 
close proximity to the carbides. The 
common electrolytes adopted for this 
purpose are hydrochloric and sulphuric 
acids.>-!! Aqueous solutions of ferrous 
salts have also been used.12:1% 

A considerable advance in experi- 
mental technique was introduced by 
Treje and Benedicks!* who developed 
a double-compartment cell for elec- 
trolytic extraction, the anode and 
cathode chambers being separated by 
a porous diaphragm. A solution of 15 
pet sodium citrate, 2 pct potassium 
bromide and 1 pct potassium iodide 
was selected for the anolyte, while the 
catholyte consisted of a 10 pct solution 
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of copper sulphate, with copper serving 
as the cathode. This type of cell has a 
number of desirable characteristics: 
1. The anolyte has a pH value close to 
7, at least at the beginning of the run. 
2. The iron that dissolves from the 
anode-specimen forms a water-soluble 
complex ion with the citrate, thereby 
preventing the precipitation of iron 
hydroxide (which would contaminate 
the carbide residue) despite the neu- 
trality of the solution. 3. Copper de- 
position instead of hydrogen evolution 
occurs at the cathode, and this avoids 
an increasing concentration of hy- 
droxyl ions which (in an otherwise 
neutral solution) might cause the pre- 
cipitation of insoluble hydroxides. 4. 
Contamination of the anode chamber 
by copper sulphate is inhibited by the 
porous diaphragm. 

Houdremont and coworkers!® applied 
the above method (with the further re- 
finement of excluding oxygen during 
the electrolysis, washing and drying) 
to the extraction of carbides from a 
series of plain carbon steels after 
various heat treatments. They had 
quantitative success only with speci- 
mens in the annealed condition, and 
concluded that the size and shape of 
the carbide particles play an im- 
portant role in the isolation process, 
with large spheroids exhibiting the 
least tendency to decompose during 
the electrolysis. 

Up to the present time, the citrate 
double-cell has not been used to any 
extent for isolating the carbides of 
high alloy steels, apparently on the 
grounds that the complex carbides are 
more resistant than cementite to 
attack in the simpler acid electrolytes. 
In particular, Bain and Grossmann? 
and Gulyaev!?!% have employed the 
hydrochloric acid cell for their investi- 
gations of the carbides in high speed 
steel.* It will be demonstrated here 
that this type of cell is capable of yield- 
ing quantitative results in the case of 
high speed steel, and actually has cer- 
tain advantages over the more compli- 
cated double cell. However, in order to 
provide a rigorous test of the quanti- 
tativeness of electrolytic procedures for 
the problem at hand, both methods 
were studied in considerable detail. 
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Table 1 . . . Analyses of Steels 


supplies fresh anolyte from the reser- 
voir is shut off, and the solution in the 


Steel | ‘ | 3 

Designation c | W | Mo Cr V | Si Mn | S P anode chamber is drawn through the 

| | . : . 
| | alundum filter crucible (Fig 1) with 

A 0.83 6.09 5.06 4.07 1.85 | 0.16 0.33 0.008 | 0.013 the ai i ; 
B 0.82 5.73 | 4.53 4.23 1.51 0.26 0.26 | 0.014] 0.019 € aid of an aspirator pump. When 
Cc 1.09 1.52 0.29 | 0.32 | 0.018| 0.005 the anolyte level drops below the 
D 08 / 2.83 0.29 0.27 


0.010 | 0.006 


Composition of Steels 


Four steels, of the compositions given 
in Table 1, were used for the experi- 
ments to be described. Steel A is the 
present-day grade of M-2 high speed 
steel. Steel B is the war-time equiva- 
lent of the same grade, with reduced 
alloying elements. Steels C and D are 
low-alloy laboratory heats being stud- 
ied for other purposes at M. I. T. 

These materials were received in the 
form of annealed (spheroidized) center- 
less-ground bars, 14 in. in diam. 


The Citrate Cell 


PROCEDURE 


A number of double electrolytic cells 
based-on that of Treje and Benedicks" 
were built in an attempt to devise a 
method which would permit rapid, yet 
quantitative isolations of the carbides 
from high speed steel. The apparatus 
found most satisfactory is illustrated 
in Fig 1. Its principal features are: 

1. The anolyte is an aqueous solu- 
tion of 15 pct sodium citrate, 1 pct 
potassium bromide and 0.1 pct potas- 
sium iodide, having a pH of 7.0 + 0.2. 
The catholyte is an aqueous solution of 
10 pct copper sulphate. 

2. The specimens to be dissolved are 
5 in. long by 14 in. diam and are sup- 
ported in pairs from the bottom on the 
fixture shown in Fig 2. These rods form 
the anode of the cell, and are rotated at 
1 rpm during electrolysis to promote 
even solution. 

3. The anode and cathode compart- 
ments are separated by a porous 
cylinder made by cutting the bottom 
~ off a porcelain cup used for Daniel cells. 

4. Continuous removal of the iron- 
rich anolyte and replenishment with 
fresh solution is necessary to prevent 
the anolyte from becoming too acidic 
during the course of electrolysis. The 
cell in Fig 1 provides for such replenish- 
ment automatically. With this arrange- 
ment, the pH of the anolyte drops only 
to about 6.6 after a 24 amp-hr run. 
Without it, the pH decreases to 3.6 
over the same period. 
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After a normal run of 24 hr at 1 
amp, * the two specimens are not com- 
pletely dissolved, and in the case of 
the annealed steels, a large proportion 
of the carbides adheres to the re- 
mainder of the specimens. The speci- 
mens are removed from the cell, and 
the attached carbides are scraped into 
a beaker with a rubber ‘‘policeman”’ 
and a jet of water. The syphon that 


Wt. pet of carbides 


(Wt. of filter crucible + contents) — (Wt. of filter crucible) 


ground-glass joint just above the filter 
crucible, the joint is broken and the 
filter assembly is lowered away from 
the apparatus. The carbides in the 
aforesaid beaker are transferred to the 
filter crucible, and the entire residue 
thus collected is washed with 300 cc of 
distilled water, followed by 50 cc of 
1:20 ammonium hydroxide* and finally 
500 cc of distilled water. The filter 
crucible and its contents are then 
dried in vacuum at 165°F (60°C) for 
12 to 14 hr. 

The carbide content of the steel is 
taken as: 


¥ (Wt. of specimens before run) — 


* Current density = 0.14 amp per sq in. 


SYPHON 
ey. a | 


(Wt. of specimens after run) * 100 [1] 


* The ammonium hydroxide wash is used to 
dissolve any tungsten acid which may possibly 
form from the tungsten originally in the steel 
matrix. 
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FIG 1—Schematic diagram of sodium citrate cell for electrolytic isolation of carbides. 


Anolyte: aqueous solution of 15 pct sodium citrate, 1 pet potassium bromide and 0.1 pct 
potassium iodide. Catholyte: aqueous solution of 10 pct copper sulphate. 
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RESULTS ON ANNEALED 
SPECIMENS 


The amounts and compositions of the 
residues obtained by citrate-cell ex- 
tractions of annealed steels B, C and D 
in the annealed condition are listed in 
Table 2 

The fact that the carbon content of 
the residues isolated from the low alloy 
steels C and D closely approximates 
the theoretical composition of cemen- 
tite (6.67 wt. pct) offers one criterion 
that the cell is quantitative, even for 
low alloy carbides. In addition, it 
is known that virtually all the 
carbon in the three annealed steels 
is tied up in the carbides. This 
circumstance may be employed as 
a second criterion for the quantitative- 
ness of the isolation, since the amount 
of carbon in the residue can be 
compared with that originally existing 
in the steel as electrolyzed: 


Table 2 . Amounts and Compositions of Residues Obtained from Iso- 
lations of Annealed Steels in Sodium Citrate Cell* 
: Composition of Residue—Weight Pct Fraction of 

poe yor Catbens Steel 

3 y ound in 

tion Residue C Ww Mo Cr V Fe Rasdee 

B 21.0 .| 3:84. | 25.76 | 26.98..|. 21:44) 6.56. |277 75 0.98 

C 17.0 | 6.49 8.36 83.70 1.01 

D 16.3 | 6.65 15.58 77.00 1.00 


* These investigations did not include M-2 high speed steel. 


tained for steel A are not considered 
sufficiently accurate to be included in 
Table 2. Numerous attempts were 
made to eliminate the undissolved skin 
by carefully degreasing the specimens, 
altering the surface finish, and varying 
the current density, but no success was 
achieved. The method devised for cop- 
ing with this troublesome occurrence 
will be discussed later in the paper. 


RESULTS ON HARDENED STEELS 
To test the behavior of hardened 


Fraction of carbon of steel found in residue 


(Wt. of residue) X (Wt. pct carbon in residue) 


(Wt. pct residue) 


~ (Wt. of steel dissolved) X (Wt. pct carbon in steel) — 


On this basis, the data of Table 2 
demonstrate that all of the carbon in 
each steel is accounted for in the ex- 
tracted residue. 

Steel A did not dissolve like the 
other three during electrolysis. Rather, 
a porous skin of partially attacked 
metal remained around the specimens 
after the runs. Inasmuch as it was 
difficult to wash the adhering carbides 
from beneath this skin, the results ob- 


a, 


\ 
ay 
Hh 
inn 


E/T 


wr 


\ 


U 


ELLIEL ie 


LA 


qQv22—. 


1100000000 


100 
(Wt. pet carbon in residue) 


(Wt. pct carbon in steel) 


[2] 


high speed steel in the citrate cell, 
specimens of steel B were austenitized 
in a salt bath for 10 min. at 1700, 1900, 
2100 and 2200°F (925, 1040, 1150 and 
1205°C), and quenched in oil at room 
temperature. They were then cleaned 
with emery, degreased and electrolyzed. 
Some of the resulting data are given in 
Table 3 column 2. 

According to these findings, the 
residue percentage decreases as_ the 
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FIG 2—Fixture for holding and rotating specimens in elec- 
trolytic cell of Fig 1. 
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Table 3 . . . Comparison of Amounts 
of Residue Obtained in Two 
Types of Electrolytic Cells from 
Steel B Quenched from Various 


Tempera tures 


Wt Pct Residue 
Temp. °F 
Sodium Citrate | Hydrochloric Acid 
Cell Cell 
Annealed 20.9 21.4 
1700 Td, 18.1 
1900 16.9* 16.0 
2100 1S. 3* 14.7 
2200 21.4* 9.9F 


* Peeling occurred, 
applied. 

} Peeling occurred, but magnetic separation 
was applied. 


no magnetic separation 


austenitizing temperature is raised to 
1900°F (1040°C), and then increases 
with further increase in temperature. 
The latter trend is distinctly anomol- 
ous, and indicates that the cell oper- 
ation becomes unreliable when the 
austenitizing temperature is too high. 
It was found that somewhat the same 
phenomenon occurs during the elec- 
trolysis of quenched steel B as _ pre- 
viously described for annealed steel A; 
that is, a tenuous layer of metal re- 
mains undissolved. However, unlike 
the case of the annealed steel, the 
metallic skin tends to split during the 
run (probably due to the relief of 
quenching stresses while the elec- 
trolysis proceeds), and drops into the 
filter crucible along with the isolated 
carbides. This undesirable state of 
affairs seems to become more pro- 
nounced as the alloy content of the 
steel matrix is increased, and accounts 
for the erroneous results after aus- 
tenitizing at the higher temperatures. 

The authors are not aware that this 
‘peeling’? phenomenon has been ob- 
served before in the electrolysis of high 
speed steel, but Gulyaev!® has men- 
tioned that it occurs with high-alloy 
chromium steels, electrolyzed in 1:20 
hydrochloric acid. He further states 
that it may be eliminated by using 
more concentrated acid. Consequently, 
experiments were undertaken in the 
present work with hydrochloric acid 
cells in an effort to avoid the “ peeling” 
of high speed steel. At the same time, 
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because of the increased danger of car- 
bide attack by the electrolyte in this 
type of cell, the quantitative aspects of 
the isolations were cross-checked by 
lineal analysis!® and density measure- 
ments as well as by chemical analysis. 


The Hydrochloric Acid Cell 


PROCEDURE 


A schematic drawing of the hydro- 
chloric acid, cell finally adopted is 
shown in Fig 3. The anode is a single 
specimen 5 in. long by 14 in. diam, the 
general arrangement being quite similar 
to that used by Bain and Grossmann.? 
Satisfactory runs are carried out at 
0.5 amp* for 48 hr in an electrolyte of 
1 part hydrochloric acid (sp. gr. = 
1.19) and 10 parts distilled water. 
About half the electrolyte is replaced 
with fresh solution at the end of 24 hr; 
otherwise iron may deposit loosely on 
the cathode and fall into the carbide 
residue when the cathode is disturbed. 

When hardened specimens of steel B 
are electrolyzed in this simple cell, it is 
found that the peeling phenomenon 
occurs only with austenitizing temper- 
atures above 2100°F (1150°C). Thus, 
although the acid cell does not com- 
pletely eliminate this interfering con- 
dition, it does help appreciably. 

The particles of the undissolved skin 
that contaminate the carbide residue 
are ferromagnetic and are strongly 
attracted to a permanent magnet. 
Fortunately the carbides themselves 
are nonferromagnetic and this circum- 
stance provides the basis for a method 
of separation in those runs where the 
peeling occurs. After electrolysis the 
spent electrolyte is decanted from the 
residue in the cell-beaker through a 
fine-porosity fritted-glass filter cru- 
- cible, while an Alnico-5 horseshoe mag- 
net is held under the spout of the 
beaker to prevent magnetic particles 
from going into the filter. The residue 
retained in the cell-beaker is then 
transferred to a smaller beaker to- 
gether with the particles adhering to 
the specimen. About 50 cc of 1:20 
hydrochloric acid is added to form 
a slurry, and any large agglomerates of 
the residue are dispersed with a glass 
rod. Then, the Alnico-5 magnet en- 
closed in a thin-walled lucite box is 
immersed in the slurry, withdrawn and 
the liquid is allowed to drain back into 
the beaker. The lucite box is next held 
over a third beaker, the magnet is re- 
moved and the particles adhering to 


* Current density = 0.28 amp per sq in. 
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the box are washed into the third 
beaker with a stream of distilled water. 
This operation is repeated several 
times until no magnetic particles can 
be withdrawn from the original residue. 

Then the same procedure is carried 
out on the magnetic residue thus trans- 
ferred, and the nonmagnetic particles 
finally remaining are added to the first 
batch of nonmagnetic residue. This is 
filtered, washed (200 cc of 1:20 hydro- 
chloric acid and 100 cc of distilled 
water in that order) and dried in 
vacuum at 165°F (60°C). The magnetic 
residue, consisting of relatively coarse 
particles of undissolved steel, settles 
readily and requires no filtering. The 
supernatant water is merely decanted 
off and the residue is washed with 
alcohol and ether, after which it is 
dried in vacuum. 

The carbide content of the steel is 
calculated as: 


Wt. pet carbides = 


Table 4. . . Weight Percentage and 
Composition of Carbides Obtained 
from Steel A in Hydrochloric Acid 
Cell 


Ruston. Waisht Composition of Carbides, 
itizing Pct 
Temp. Car- 
Pom t hides oC Galiawa li'l: Cr. ev" Fe 
Annealed] 21.7 |3.72/27.3/21.4/9.34/8. 05] Bal 
1700 19.5 |3.90/29.5/22.8/5.28/7.70] Bal 
1900 17.3 |3.97/31.9/23.7/4. 2617.38] Bal 
2000 16.2 |3.69}/31.6/22.8/2.83/6.73] Bal 
2100 14.8* |3.60/30.5/21.5/2.31/7. 69] Bal 
2150 13.3* |3.60/31.6/22.6]1.72/6.93] Bal 
2200 11.6* |3.22/32.3/23.8/2.3116.02| Bal 
2250 10.7* |3.12/22.9/32.1]1.81]5.22] Bal 


* Peeling occurred, but magnetic separation 
was applied. 


oil. It is interesting to note that steel A 
as annealed does not exhibit an un- 
dissolved skin when electrolyzed in 
the hydrochloric acid cell, unlike the 
results obtained with the citrate cell. 
Furthermore, virtually all the carbon 
of the annealed steel is accounted for 


(Wt. of filter crucible + nonmagnetic residue) — (Wt. of filter crucible) 


(Wt. of specimen before run) — (Wt. of specimen after run) 


The magnetic separation described 
above requires due care but is entirely 
practicable when applied in conjunc- 
tion with the hydrochloric acid cell. 
This is not the case with the citrate 
cell because of the continuous-filtration 
feature. In other words, the complexity 
of the citrate cell is hardly worth con- 
tending with, if magnetic separation is 
necessary—provided, of course, that 
the hydrochloric acid cell can be shown 
to yield quantitative results. 


RESULTS ON ANNEALED AND 
HARDENED SPECIMENS 


Table 3 offers a comparison of ex- 
tractions performed on steel B with 
both the citrate and hydrochloric acid 
cells. These data cast a favorable light 
on the acid cell, at least for studies on 
high speed steel, because it not only 
alleviates the tendency toward peeling 
but gives good agreement with the 
citrate cell in those cases where peeling 
does not interfere. Where peeling does 
occur, however, it remains to test the 
quantitativeness of the procedure in 
which the magnetic process is used to 
correct for it. Steel A was selected for 
this purpose. 

Weight percentages and compo- 
sitions of the carbides isolated from 
steel A are given in Table 4. The heat 
treated specimens were austenitized 
for 10 min. in a salt bath at the indi- 
cated temperatures and quenched in 


— (Wt. of magnetic residue) 


xX 100 [3] 
in the extracted carbides (using Eq 2: 
Med Bales 


It might be possible to find all the 
carbon in the residue even if the car- 
bides were partially decomposed by 
the hydrochloric acid because free car- 
bon could be precipitated. Hence, the 
results were checked independently by 
density measurements and lineal analy- 
sis. It can be shown that 
Density of carbides 

= (Density of steel) x 
(Wt. pct of carbides) 
(Vol. pet of carbides) 


In addition to the weight percentage 
of carbides in the steel as determined 
by extraction, the other three quanti- 
ties are directly measurable: the den- 
sity of the carbides by the pycknometer 
method,!” density of the steel by the 
loss-of-weight in water,!® and volume 
percentage of the carbides by lineal 
analysis! on the butt ends of the elec- 
trolyzed specimens. Table 5 shows a 
comparison of the density of the car- 
bides from annealed steel A, as meas- 
ured and as calculated from Eq 4. 
The close agreement indicates that, as 
far as the annealed steel is concerned, 
the hydrochloric acid cell not only 
isolates the carbides quantitatively, 
but leaves them intact. 

Unfortunately, in the case of the 
hardened specimens, the extracted 
carbides are found to be contaminated 


[4] 
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with free carbon which materially re- 
duces the measured density of the 
carbides. This trend is shown by the 


Table 5... Comparison of Meas- 
ured and Calculated Density of 
Carbides Obtained from Annealed 
Steel A in Hydrochloric Acid Cell 


Den- Den 
Austen- | Weight Ms Den- ae sity of 
itizing | Pet of Pct sity Gas Car- 
Temp. Car- Cas of eles bides 
° 1 - 

F bides* ides Steel MGA: Gales 

ured 

Annealed| 21.7 | 23.2 | 8.19 | 7.71 7.65 
1900 Miomil Oke! Su0Se Gr Go) 8.58 
2000 16.2 | 12.0 | 8.06 | 5.54 | 10-90 


* Average of 2—4 runs. 


data in Table 5. The true density of 
the carbides increases with the austen- 
itizing temperature in accordance with 
the calculated values, but the meas- 
ured density changes erroneously in 
the opposite direction. In view of the 
excellent correlation obtained with 
the annealed steel, it is believed that 
the free carbon in the residues of the 
quenched specimens comes from the 
martensite-austenite matrix and not 
from decomposition of the carbides 
themselves. Attempts to determine 
the amount of free carbon in the resi- 
dues by chemical and differential 
oxidation techniques were unsuccess- 
ful. Accordingly, the carbon contents 
shown in Table 4 for the hardened 
specimens are undoubtedly somewhat 
too high and should be regarded as 
uncertain.* 


CORRELATION WITH FILTRATE 
ANALYSES 


Since the foregoing density deter- 
minations shed little light on the 
quantitativeness of the cell operation 
with hardened specimens, this ap- 
proach cannot be used for testing the 
efficacy of the magnetic separation 
when peeling occurs. Consequently, an 
analysis was made of the filtrate re- 
maining from one of the extractions in 
which abundant peeling took place. 
The specimen (steel A) was austen- 
itized at 2200°F (1205°C), electrolyzed 
in the hydrochloric acid cell, and the 
undissolved particles of steel in the 
residue were separated magnetically. 
From the quantity of the filtrate and 
its composition, the weights of tung- 
sten, molybdenum, chromium and 
vanadium dissolved from the steel 


* Cee, estimates that the free carbon in 
extracted residues of 18-4-1 high speed steel, 
austenitized at _2370°F (1300°C), is 0.25 pct of 
the steel electrolyzed. 
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were calculated. Similarly, the weights 
of these elements in the nonmagnetic 
residue were also determined. 

The resulting weight balance is 
given in Table 6. It is evident that 
there is satisfactory agreement between 
the weight of each element in the steel 
electrolyzed and the sum of the respec- 
tive weights in the filtrate and car- 
bides. Thus the magnetic separation 
process is suitably quantitative. A 
weight balance based on carbon is not 
feasible because part of the matrix 
carbon is lost from the cell in gaseous 
form and part reports in the residue 
as free carbon. The fact that the other 
four elements check each other so well 
indicates that there is not enough free 
carbon to affect the weight percentage 
of the residue materially. The maxi- 
mum error in the weight percentage 
of the residue, and therefore in the 
alloy analyses, due to the free carbon 
and the magnetic-separation technique 
appears to be no greater than 1 part 
in 20. 

However, the error in the carbon 
analyses of the carbides may be 5 or 


Table 6 . . . Comparison of Residue 
and Filtrate Compositions with 
Composition of Steel A, Quenched 
from 2200°F (1205°C) and Elec- 
trolyzed in 1:10 Hydrochloric 
Acid (Residue= 12.6 pct by 
weight) 


A B 
Gm Gm 
Ele- Ele- 
ment | Com- | ment C 
in Fil- | posi- in Seo 
Ele. | tate | tion of Resi- Hen AF 
Piank per Resi- due |A+B St 1 
100 due | per 100 We 
Gm Wt Gm P & 
Steel Pct Steel e! 
Elec- Elec- 
tro- tro- 
lyzed lyzed 
WwW T2814 32h3 4.07 .88 6.09 
Mo 2.02 |) 23.8 3.00 5.02 5.06 
(Cr 3.58 ok 0.29 3.87 4.07 
105: 6.02 0.76 1.81 1.85 


10 times larger because of the uncer- 
tainty in the amount of free carbon. 
Despite the advantages of the hydro- 
chloric acid cell over the more com- 
plicated citrate cell for these studies 
on high speed steel, it should be 
emphasized that the latter seems to 
give more reliable results when cemen- 
tite is present. It was pointed out 
under THE CITRATE CELL—Re- 
sults on Annealed Specimens, that the 
citrate cell operates quantitatively for 
the cementite in annealed low alloy 
steels. This is not the case with the 
hydrochloric acid cell. For example, an 
annealed steel with 1.11 pct carbon 


and 4.11 pct chromium yielded a 
residue of 8.2 wt. pct of the steel 
electrolyzed, and the composition was: 
8.13 pet carbon, 28.50 pet chromium 
and 61.38 pct iron. Thus, less than 
two-thirds of the carbon in the steel 
could be accounted for in the residue 


$26 Sila é 
(= My = 1.00) Evidently the 
low alloy cementite was partially de- 
composed during the acid electrolysis. 
However, since cementite is not found 
in the M-2 high speed steel under con- 
sideration even when the citrate cell 
is used, the hydrochloric acid cell can 
be adopted with reasonable assurance 


for the work at hand. 


The Carbides in M-2 High 
Speed Steel 


NATURE OF THE CARBIDES 


X ray diffraction analysis of the 
residues extracted from steels A and 
B indicates that three carbide phases 
exist in M-2 high speed steel. These 
may be designated here as M,C, 
M.;,C, and MC, the M representing 
the sum of the metal atoms. 

M,C is a face-centered cubic carbide 
with a lattice parameter of 11.04, A.U. 
It is identical with the (Fe, W, Mo, 
Cr, V)sC phase commonly found in 
high speed steels. 19: 2° 

M.3C¢, is a face-centered cubic car- 
bide with a lattice parameter of 10.564 
A.U. Its diffraction pattern also corre- 
sponds to that of Cro;C, as determined 
by Westgren.?!:22 Like the M,C, this 
phase is capable of dissolving iron, 
tungsten, vanadium and molybdenum, 
along with the chromium. 

MC is a face-centered cubic carbide 
with a lattice parameter of 4.18 A.U. 
It is essentially a vanadium-rich 
carbide.?5:24 

The above carbides are present 
in M-2 high speed steel in the an- 
nealed condition and after austenit- 
izing. Therefore, the observed weight 
percentages and compositions of the 
extracted residues are not repre- 
sentative of single carbides, but of 
carbide mixtures. The lattice param- 
eters of these carbides are not appre- 
ciably affected by austenitizing, and 
hence it may be assumed that no gross 
variation in composition of the indi- 
vidual carbides occurs as result of 
hardening. This suggests that the 
observed changes in composition of the 
extracted carbides as a function of 
austenitizing temperature (Table 4) are 
due primarily to a shift in the relative 
amounts of the three carbides. 
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METALLOGRAPHIC IDENTIFICA- 
TION OF THE CARBIDES 


Once the existence of the three car- 
bides in the residues was established, 
a systematic study was made of 
their etching characteristics in the 
solid steel in an effort to identify 
them under the microscope. Reliable 
techniques were developed which not 
only disclosed these carbides positively 
but rendered it possible to determine 
their volume percentages by lineal 
analysis. Diamond dust polishing was 
necessary to prevent the carbides from 
standing in relief or from being partly 
smeared by the softer matrix. 

All three carbides are nicely outlined 
by 1 pct nital or 4 pct picral. This 
permits the measurement of the total 
volume percentage of the carbides. 
After repolishing, the M,C phase can 
be etched selectively in a 4 pet aqueous 
solution of sodium hydroxide saturated 
with potassium permanganate. The 
M,C particles are outlined and stained 
brown in 4-5 sec. The M.:C, and MC 
carbides are not attacked. After re- 
polishing once more, the MC carbide 
is darkened selectively with an elec- 
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trolytic etch in 1 pct chromic acid, 
stainless steel being the cathode. In 
3-4 sec at about 3 volts, the MC par- 
ticles are colored grey or black. The 
M.-C and M>»;Ce carbides are not 
attached. Lineal analysis is applied 
after each of the above etches, and 
the volume percentage of M.;C, is 
taken by difference. Proof of the effec- 
tiveness of these procedures is pre- 
sented elsewhere.?5 


EFFECT OF AUSTENITIZING 
TEMPERATURE 


The pertinent results obtained by 
lineal analysis on the carbides as 
polished and by chemical analysis of 
the carbides as isolated are summar- 
ized in Fig 4. For correlation purposes, 
the percent of retained austenite is 
also shown. 

It is immediately evident that the 
M>2;Cg5 carbide dissolves more readily 
than the other two on austenitizing, 
and is practically absent above 2000°F 
(1090°C). The M,C carbide dissolves 
more gradually, while the MC carbide 
hardly dissolves at all below 2200°F 
(1205°C). In the customary austen- 
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FIG 3—Schematic diagram of hydrochloric acid cell for electrolytic isolation of carbides. 
‘ Electrolyte: 1:10 hydrochloric acid. 
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itizing range of 2200-2250°F (1205- 
1235°C), there remains 5-8 vol. pct 
M.C and 0.5-1 vol. pet MC. The pro- 
gressive solution of the M.;C. and M,C 
carbides causes an increase in the 
carbon and alloy contents of the 
matrix, as shown by the partition 
curves in Fig 4. These values are calcu- 
lated from the alloy content of the 
steel and that of the isolated carbides 
(Tables 1 and 4). It is interesting to 
note that most of the chromium in the 
steel dissolves in the austenite at rela- 
tively low temperatures, and_ this 
coincides with the decrease in the 
amount of Mo;C, carbide, the amount 
of M,C and MC then remaining essen- 
tially unchanged. Clearly, Mo3;C. is a 
chromium-rich carbide. While the solu- 
tion of the other elements proceeds 
during this early stage, signifying that 
M>2;C.5 also contains these elements, 
most of the tungsten, molybdenum and 
vanadium and part of the chromium 
go into solution above 2000°F. Here 
the M2;C, has disappeared, the MC 
remains constant and the M,C is de- 
creasing. Therefore, the M,C phase 
certainly contains tungsten, molyb- 
denum, chromium and vanadium. 
Other evidence?® not considered here 
shows that most of the tungsten and 
molybdenum in the carbides is asso- 
ciated with the M,C phase, while MC 
is a vanadium-rich phase. 

The curve in Fig 4 showing the par- 
tition of carbon between the matrix 
and the carbides must be regarded as 
very approximate. The values plotted 
are admittedly questionable because 
the carbon analyses of the carbide 
residues tend to be high in view of 
the free carbon that precipitates during 
electrolysis of the quenched samples. 
The other partition curves in Fig 4 do 
not suffer from this uncertainty. 


Conelusions 


1. Two electrolytic methods have 
been studied for the quantitative iso- 
lation of carbides from M-2 high speed 
steel. The double citrate cell, with 
continuous filtration of the anolyte, 
yields quantitative extractions for 
annealed low alloy as well as high 
speed steels. This is established on the 
basis that (a) the theoretical carbon 
content of cementite is found in the 
extracted residues of annealed low 
alloy steels, and (b) the total carbon 
of these steels and of annealed M-2 
steels is accounted for in the residues. 

2. The citrate cell possesses the 
experimental disadvantage, aside from 
its complexity, that portions of the 
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matrix of high alloy steels may not 
dissolve during the electrolysis and 
may thus contaminate the carbide 
residue. This characteristic becomes 
more pronounced, the higher the 
austenitizing temperature. Because the 
steel particles are ferromagnetic and 
the carbides are not, it is possible to 
effect a magnetic separation. However, 
this procedure is not convenient with 
the citrate cell. 

3. Electrolysis in a simple 1:10 
hydrochloric acid cell reduces the ex- 
tent of the above contamination, and 
when it does occur, the particles of 
base metal can be separated reliably 
with a magnetic method. The hydro- 
chloric acid cell yields quantitative 
extractions on annealed M-2 steel as 
shown by the fact that (a) all the 
carbon in the steel is accounted for 
in the residue, and (b) the measured 
densities of the carbide residues are 
in good agreement with the calculated 
values based on lineal analysis of the 
solid steel. The magnetic separation 
procedure is also quantitative since 
the total amount of each alloying 
element in the residue plus electrolyte 
checks that present originally in the 
steel. 

4. In the electrolysis of hardened 
M-2 steel, both cells precipitate free 
carbon from the martensite-austenite 
matrix. The presence of free carbon 
lowers the observed density of the 
carbides extracted from quenched 
specimens but is not sufficient in 
weight to have a significant effect on 
the weight percentage or composition 
(except for carbon) of the carbides. 
The carbon values reported for such 
carbides are undoubtedly high. 

5. Three face-centered cubic car- 
bides exist in M-2 steel: MsC which is 
based on a complex iron-tungsten- 
molybdenum carbide, Mo3Cg. which is 
essentially a chromium-rich carbide, 
and MC which is a vanadium-rich 
carbide. M>;C, dissolves completely on 
austenitizing at temperatures above 
2000°F; M,C dissolves partially, and 
MC hardly at all. Curves are presented 
showing the quantitative solution of 
these carbides and the corresponding 
partition of the elements between the 
carbides and the matrix. 
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FIG 4—Effect of austenitizing temperature on (a) weight and volume percent- 
ages of carbides, (b) amounts of the individual carbides and retained austenite, and 


(c) partition of elements between carbides and matrix. 
M-2 high speed steel (Steel A, Tables 1 and 4). 
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Solubility of Titanium 
in Liquid Magnesium 
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K. T. AUST* and L. M. PIDGEON* 


There has been considerable interest 
in the possible use of titanium in mag- 
nesium alloys.! Zirconium has shown 
some promise in this connection? and 
its general similarity with titanium 
suggests that the latter might act in a 
similar manner. A literature survey 
revealed that quantitative data on the 
Mg-Ti system was unavailable. Sev- 
eral patents? have claimed that ti- 
tanium additions from 0.2 to 4 pct to 
magnesium alloys were possible, but 
no mention was made as to the form in 
which the titanium existed in the alloy. 
Kroll* succeeded in introducing only 
traces of titanium into magnesium by 
bubbling TiCl, through the metal 
under argon or by reacting it with 
sodium titanium fluoride. The ap- 
plication of theoretical data given by 
Carapella® based on Hume-Rothery’s 
principles, involving atomic size factor, 
crystal structure, valency and_ the 
electro-chemical factor, suggests that a 
Mg-Ti alloy is a favorable case, and 
the system appeared to warrant ex- 
perimental examination. 


Experimental Procedure 
and Results 


THERMAL ANALYSIS 


If titanium is appreciably soluble in 
magnesium, a change in the melting 
point of the magnesium might be de- 
tectable using standard cooling curve 
methods. Magnesium was melted in 
graphite crucibles under an argon 
atmosphere, the assembly being en- 
closed in a silica tube. Graphite 
thermocouple protection tubes served 
also to stir the melts. The apparatus 
was very similar to Fig 1, with the ad- 
dition of a refractory and baffle system 
to prevent undue heat losses from the 
top of the crucible. Chromel-alumel 
thermocouples were calibrated using 
Al of 99.97 pct purity. 

Dominion Magnesium Limited sup- 
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Al Mn Fe Ni Cu 


Si Pb Ca Mg 


0.007 <0.0005 | 0.0013 0.001 


0.0005 


0.0012 0.004 <0.004 | 99.98 minimum 


plied redistilled high purity magnesium 
of the analysis given above. 

Titanium was added in three differ- 
ent forms: 

1. Titanium powder —100 mesh, 
from the Titanium Alloy Manufactur- 
ing Co., Niagara Falls, N. Y. 

2. Sheet titanium from the U.S. 
Bureau of Mines, produced by Mg re- 
duction of TiCl,. 

3. Magnesium —50 pct titanium 
master alloy from Metal Hydrides Inc., 
Beverly, Mass. 

The melting point of the high purity 
magnesium used was measured experi- 
mentally as 651.0°C. More than a 
dozen tests were conducted using ti- 
tanium from the three sources referred 
to aboye, in calculated additions up to 
20 pct titanium, at temperatures be- 
tween the melting point and 1000°C 
and holding periods up to 6 hr. In no 
case was evidence obtained of solu- 
bility of titanium in magnesium, 
using inverse-rate and time-tempera- 
ture curves. The melting point of the 
magnesium was unchanged within the 
accuracy of measurement, namely 
+0.5°C; and no other thermal arrests 
were detected. 

Metallographic investigation of the 
thermal analysis billets indicated that 
the titanium additions were apparently 
mechanically entrapped in the mag- 
nesium in segregated areas. Con- 
sequently, these samples were not 
analyzed for titanium. The master 
alloy proved to be a mechanical mix- 
ture of titanium particles in a magne- 
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sium matrix. 

These results indicated that the ti- 
tanium solubility, if such existed, 
could not be obtained by the usual 
thermal methods. 


X RAY DIFFRACTION 
INVESTIGATION 


In an effort to detect solubility of 
titanium in magnesium, samples were 
investigated using both the Debye- 
Scherrer and the Focusing Back-Re- 
flection methods. Filings from samples 
of the thermal analysis billets and from 
pure magnesium were annealed in 
argon one hour at 350°C to relieve 
mechanical strain. Measurements made 
of the interplanar spacings showed no 
difference between the Mg-Ti samples 
and pure magnesium. The interplanar 
spacings could be measured to within 
0.0002A, and the greatest variation 
found was 0.0004A, in the back-reflec- 
tion method. The diffraction lines for 
magnesium were not shifted by the 
titanium additions indicating that the 
solid solubility of titanium in mag- 
nesium is of a very low order—less than 
0.5 pet. From both diffraction methods, 
a d or interplanar spacing of 0.817A 
was obtained for the redistilled high 
purity magnesium. This latter value is 
not given in the standard X ray dif- 
fraction cards for magnesium metal or 
vacuum distilled magnesium. The- 
oretical calculations for a close-packed 
hexagonal space lattice for magnesium 
indicate that the planes {2134} should 
give a line which was found. The rela- 
tive intensity for this reflection at 
0.817A is slightly less than that at 
0.870A for magnesium. 


SOLUBILITY OF TITANIUM IN 
LIQUID MAGNESIUM 


The Mg-Mn system was examined 
by Grogan and Haughton® who were 
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FIG 1—Liquid solubility apparatus. 
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unable to determine the liquidus line 
by thermal analysis, since it was found 
impossible to obtain any definite evi- 
dence of arrest points. The liquidus 
line, however, was successfully deter- 
mined by the analysis of dip samples 
taken from the top of the melt at 
definite temperatures. This method has 
proved satisfactory where the primary 
insoluble crystals separating from the 
liquid have a different density from the 
liquid. A similar technique was used by 
Fink and Van Horn’ to determine the 
liquidus line for the Al-Ti system and 


586 . . . Metals Transactions, Vol. 185 


8. Refractory 

9. Graphite Thermocouple 
Tube and Crucible 

10. Furnace Coil 

11. Ti Sheet 

12. Melt (Mg) 

13. Furnace Refractory 


has also been employed by other in- 
vestigators.§.91011 Jt was decided to 
apply this method to the Mg-Ti 
system. 

In preliminary tests, titanium pow- 
der was added to liquid magnesium 
under an argon atmosphere. Analytical 
results on these dip samples showed 
gross segregation. For example, ti- 
tanium analyses of triplicate portions 
from a test that had been held at 850°C 
for 8 hr gave 0.012, 0.57 and 0.052 pct, 
while another group which had been 
held at 700°C for 8 hr showed 0.28, 0.01 


and 0.08 pct. These erratic analytical 
results suggested that finely divided 
titanium particles, despite the substan- 
tial density difference, do not settle 
readily in liquid magnesium and may 
not be employed as a source of tita- 
nium in liquid solubility tests. Tita- 
nium sheet, obtained from the U.S. 
Bureau of Mines, was used in the re- 
mainder of the tests. 


Experimental Procedure 


The apparatus used for the solubility 
tests is shown in Fig 1. Each charge 
consisted of 135 g of the high-purity 
magnesium and 15 g of titanium sheet. 
The titanium sheet was wrapped 
around the graphite thermocouple 
protection tube and kept in the molten 
magnesium during the holding periods 
at the desired temperature. The graph- 
ite protection tube also acted as a 
stirrer during the early portion of each 
holding period. It was assumed that 
titanium and graphite would not react 
to form titanium carbide in any ap- 
preciable quantity at the temperatures 
used in these solubility tests. Cylinder 
argon of commercial purity was passed 
through an oil filled bubbler, absorbent 
glass wool, anhydrous calcium chloride, 
and a ‘‘ getter’ furnace which contained 
magnesium chips at 600°C to remove 
oxygen and nitrogen. The purified 
argon passed to the system through. 
the steel tube as shown, and escaped 
to a water trap and bubbler, maintain- 
ing a positive pressure of argon in the 
melt chamber. A chromel-alumel ther- 
mocouple was placed in the top part 
of the melt and the temperature was 
maintained within +5°C by an auto- 
matic temperature controller. 


Sampling 


After each holding period, the Ti 
sheet was lifted from the melt and a 
steel sampling tube was quickly low- 
ered into the top half of the melt. A 
liquid sample was pulled into the tube 
by a static vacuum sufficient to remove 
samples ranging from 2 to 5 g. After 
removal from the melt, the steel was 
stripped from the magnesium, and the 
entire sample analyzed for titanium 
except for a very small portion taken 
for metallographic purposes. Drillings 
were taken from the top section of the 
solidified billet to obtain the solubility 
at the freezing point. The analysis of 
titanium in magnesium was done 
colorimetrically using an adaptation of 
a well-known color reaction.!2. The 
method was calibrated with a standard 
titanium solution prepared from ti- 
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tanium dioxide (NBS Std 154). A 
blank run of the apparatus with no 
titanium introduced gave no indication 
of titanium which, under the conditions 
of the method, means a content of less 
than 0.001 pct. None of the other 
elements present in the magnesium in 
normal amounts’ interferes with the 
analysis. 


Experimental Results 


If incomplete separation of melt and 
solid had taken place, the liquid sam- 
ples as withdrawn might contain some 
of the solute metal as solid particles. 
If such had occurred, erratic results 
would again have appeared, the pres- 
ence of such an error would be obvious, 
and those samples would ‘be disre- 
garded. The analytical results obtained 
on different samples from the same 
test strongly support the belief that 
the titanium found was in solution 
when the sample was taken from the 

“melt (Table 1). The average results 
are plotted in Fig 2. Fig 3 is a typical 
photograph taken from the cross-sec- 
tion of the liquid solubility samples. 
Small dark particles of Ti which have 
come out of solution on cooling from 
the sampling temperature to the freez- 
ing point may be seen. Magnesium 
samples without titanium additions did 
not show this second phase. The even 
size and distribution of these particles 
support the belief that they were in 
solution at the sampling temperature. 


Table 1. . . Experimental Results 


Holding & 
hes ¥ eae ¥ Time, Pet iter: 
‘ Hours 
35 651 0.0027 | 0.0027 
46 651 0.0028 | 0.0023 
40 651 0.0043 | 0.0025 
42 651 0.0020 | 0.0013 
42 700 48 ~— | 0.0062 | 0.0066 
35 715 24 0.011 0.010 
40 775 24 0.013 
AL 850 24 0.015 0.019 
46 850 48 0.015 0.014 
Conclusions - 


1. The -solubility of titanium in 
‘liquid magnesium is extremely small, 
increasing approximately from 0.0025 
pet at the freezing point of magnesium 
to 0.015 pet at 850°C. This titanium 
solubility is far less than that re- 
ported for zirconium? or for iron in 
magnesium. !+4 

2. Solid solubility of titanium in 
magnesium could not be detected using 
X ray diffraction methods. 

3. The freezing point of redistilled 
high-purity magnesium is 651.0°C. 
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Temperature °C 


-00S 


-010 “015 


Percent Titanium 
FIG 2—Solubility of Ti in liquid Mg. 


FIG 3—Cross-section of typical solubility sample showing precipitated Ti 


in Mg. © 
xX 150. Etched with 10 pct sodium bicarbonate. 


4. An interplanar spacing or d value 
was obtained for magnesium, 0.817A, 
a value which has not been reported in 
the standard X ray diffraction card 
index system. 
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The Lattice Parameters of High 
Purity Alpha Titanium: and the 
Effects of Oxygen and Nitrogen 
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HOWARD T. CLARK, JR.,j Member AIME 


Introduction 


Within the last twenty years at least 
three sets of lattice constants for the 
room temperature (alpha, hexagonal 
close packed) phase of titanium have 
been reported in the literature. These 
values, summarized in Table 1, differ 
one from another by amounts far 
greater than can be explained on the 
basis of inaccuracies in parameter 
measurements. 

This paper presents new values deter- 
mined for high purity titanium. It also 
details the effect of two elements, oxy- 
gen and nitrogen, on these parameters 
and shows that two of the previously 
reported values are probably in error 
because of the presence of one or both 
of these elements in the material used 
for examination. 


Preparation of Samples 


The titanium{ used for this study 
was prepared by the thermal decom- 
position of titanium tetraiodide’ on a 
hot titanium filament. This titanium 
rod was prepared for X ray examina- 
tion by melting about 10 g in purified 
argon in an electric arc furnace on a 
cold hearth. This cast button was cold 
rolled to 0.040 in. thick sheet, cleaned, 
annealed in vacuum at 1000°C and 
cold rolled to 0.020 in. thickness. 
About 0.003 in. of surface material was 
then removed by hand grinding on 
papers to remove any contamination 
caused by the rolls and the sample was 
bent to the radius of the focusing 
camera. The sample was then vacuum 
annealed at 600°C, a temperature just 
high enough to cause recrystallization, 
producing a fine grained structure. 
Such a structure is essential in sheet 


t This material was prepared by Battelle 
Memorial Institute under contract for the Rem- 
ington Arms Co., Inc. 
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Table 1... Summary of Literaturet Values of Alpha Titanium Lattice 


Parameters 
ao co 
Worker c/a 
KX A KX A 
G.H ine SEC IRT ein se tee ni oo eS 2.953 4.729 1.60 
AJ D. Fast? ea sap tbs'0 ah Sahay TE oR cto ote aah 2.945 (2.951) * 4.67 (4. 68) * 1.59 
Greiner: and Fillies’) afore ee eee oe 2.945 (2.951) 4.684 (4.694) Le pou 


* Figures in parentheses have been calculated from the reported KX units for comparison (KX 


units X 1.00203 = Angstroms). 


+ Since the preparation of this paper the following values for the lattice parameters of high purity 
alpha ieedamn. have been published by Bruce W. Gonser (Metals Progress (1949) 55, p. 346): ; 
ao = 2.946 KX units (2.952 A), co = 4.686 KX units (4.695 A). A comparison of these values with 
those presented in this paper and with other literature values shown in Table 1 suggests that the X ray 
samples used by Gonser were contaminated with oxygen and/or nitrogen. This conclusion is based on 
the fact that his value of ao is approximately correct, but that his value of cois extremely high compared 
with both Fast’s value and the writer’s, the writer’s explanation for which is detailed in this paper. 


specimens prepared for focusing cam- 
eras in order to have a_ sufficient 
quantity of grains to develop continu- 
ous diffraction lines. 

The use of sheet specimens rather 
than powder samples appears to be 
essential for the X ray examination of 
titanium. This is because of titanium’s 
exceptionally high gettering power and 
its rapid absorption of adsorbed gases, 
water vapor, and the like at annealing 
temperatures. While the effect of this 
contamination may be neglected for 
sheet specimens, its effect on 200-300 
mesh powder is appreciable. 

Titanium alloys of oxygen and nitro- 
gen were prepared by a technique simi- 


Cleveland Meeting, October 1949. 

TP 2656 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
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* This paper is part of a dissertation 
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the School of Engineering of Yale Uni- 
versity in partial fulfillment of the re- 
quirements of the degree of Doctor of 
Engineering. 

} Research Metallurgist, Remington 
Arms Co., Inc., Bridgeport, Conn. 

1 References are at the end of the 
paper. 


lar to that described above except that 
the required amount of the highest 
purity titanium oxide or nitride avail- 
able was added prior to melting in the 
arc furnace. These materials were 
added by placing them in holes drilled 
in the titanium. A small weight loss 
invariably occurs during the melting 
of these oxygen and nitrogen alloys. 
This is believed to be due entirely to 
the loss of some of the powdered com- 
pound in the blast of the electric arc, 
an assumption which is justified on the 
basis that there is no weight loss during 
the melting of titanium metal and that 
wet analyses for nitrogen on repre- 
sentative samples have checked with 
the calculated analyses when it was 
assumed that the entire loss during 
melting was due to the loss of titanium 
nitride powder. These alloy buttons 
were reduced to sheet in the same 
manner as used for the unalloyed 
titanium. 


Experimental Procedure 


A North American Phillips 12 cm 
diam symmetrical precision focusing 
vacuum camera and copper radiation 
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FIG 1—The effect of the addition of small amounts of 
oxygen on the lattice parameters of alpha titanium. 


were used for all determinations. The 
films were measured with a conven- 
tional measuring unit employing a 
micrometer screw with a drum gradu- 
ated in 0.002 mm divisions. Calcula- 
tions were made using Cohen’s5 least 
squares method. The results were 
analyzed for probable error by the 
Jette and Foote® method. Table 2 
summarizes a typical calculation, the 
details of which are obvious if refer- 
ence is made to Cohen’s and Jette and 
Foote’s papers. 


Table 2... Details of Calculation 


for Titanium Sample No. 4 
Cu Kai = 1.540522 A Cu Kg = 1.544367 A 
Cu Kg: = 1.39218 A 


Experi- Calcu- A 
Line Plane mental lated eae 
sin? 6 sin? 6 
1 ee 0.97399 | 0.97400 — 1 
2 0006)a2 | 0.97400 | 0.97401 — 1 
3 (3032)q1 | 0.92587 | 0.92592 — 5 
4 ee 0.92592 | 0.92592 0 
5 1233)a1 | 0.87953 | 0.87939 +14 
6 (1233)a2 | 0.87950 | 0.87939 it 
a (1234)g1 | 1.06873*| 1.06877 —A4 
8 (2025)g1 | 1.03963 | 1.03964 —1 
9 (3030)a1| 0.81741 | 0.81752 -—11 
10 (3030)q2 | 0.81753 | 0.81752 + 1 
ao = 2.9503 + 0.0005F 
co = 4.6827 + 0.0004 
c/a = 1.587 


* Values of sin? @ greater than 1.0 result from 
the conversion of measured values of sin? 0 to 
equivalent Cu Kqi values. 

+A probability of 0.05 has been taken for 
determining limits of accuracy. 

Room temperature remained fairly 
constant at about 25 +2°C during 
these exposures. The camera is so con- 
structed that the synchronous motor 
used to oscillate the sample does 
not appreciably increase the sample 


temperature. 


Experimental Results 


Table 3 lists the lattice parameters of 
several different samples prepared 
from different titanium tetraiodide de- 
composition runs and reduced to sheet 
as discussed above. All values for both 
dy and ¢o agree very well. 
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Oxygen and nitrogen form inter- 
stitial solid solutions with alpha ti- 
tanium, and, as would be expected for 
interstitial solutes, increase the ti- 
tanium parameters. The amount of 
this change produced by each of these 
elements is shown in Fig 1 and 2 
respectively. 


Discussion of Results 


It will be noted in examining Fig 
1 and 2 that the addition of the com- 
mon contaminants to alpha titanium 
expands the lattice in the c direction 
much more than in the a direction. 
With this in mind, it is interesting to 
look again at Table 1 and to compare 
the values presented there with those 
of Table 3. Such an examination leads 
to the following conclusions: 

1. Fast’s values, which were deter- 
mined on titanium prepared by the 
same method used for preparing the 
titanium employed in this investiga- 
tion, agree with the writer’s values. 

2. All reported values of ao agree 
within reasonable limits, a condition 
which is to be expected. 

3. The reported values of co vary 
greatly, the two values reported by 
Haag and Greiner and Ellis being ap- 
preciably higher than the values re- 


Weight 


Table 3... . Lattice Constants of 
Several Different Samples* of 
Titanium 
Sample ao co c/a 

1 2.9508 A 4.6834 A 1.587 

2 2.9498 A 4.6836 A 1.588 

3 2.9509 A 4.6837 A 1.587 

4 2.9503 A 4.6827 A 1.587 

average | 2.9504A 4.6833 A 1.587 
(2.9444 KX) | (4.6737 KX) 


* Battelle’s best estimate of the chemical com- 
position of these iodide titanium samples is: 
titanium 99.95 pct, nitrogen 0.002 pct, oxygen 
undetermined, and carbon, iron, silicon, and 
aluminum each present in amounts less than 
0.03 pct. 


per cent nitrogen 


FIG 2—The effect of the addition of small amounts of 
nitrogen on the lattice parameters of alpha titanium. 


ported here and by Fast. Greiner 
and Ellis worked with titanium ”pro- 
duced by the Kroll‘ process which is 
reported to have small amounts of 
manganese, magnesium, and _ silicon 
present. This material was prepared 
by powder metallurgy, and undoubt- 
edly also contained oxygen and nitro- 
gen picked up during both the reduction 
and the leaching and grinding opera- 
tions, and diffused into the metal dur- 
ing sintering. 


Conclusions 


1. The lattice constants of alpha ti- 
tanium are: 


Qo 
Co 


2.9504 + 0.0003 
4.6833A. + 0.0003 


l| 


2. The lattice constants of alpha ti- 
tanium, especially the value of co, are 
increased appreciably by the addition 
of small amounts of oxygen or nitrogen. 
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The Meehanism of Martensite 


Formation. 
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There is need for an adequate work- 
ing hypothesis that would describe at 
least qualitatively the crystallographic 
mechanism for the transformation from 
austenite to martensite in steel. A gen- 
eral theory would not only be of great 
assistance in the correlation of existing 
data and in planning future experi- 
mentation, but would also form the 
basis for an eventual explanation of the 
property changes that accompany lat- 
tice transformations. 

The mechanism of martensite forma- 
tion described in the following pages is 
the outcome of two new experimental 
determinations: (1) the accurate evalu- 
ation of the lattice relationship between 
austenite and individual crystals of 
martensite, and (2) the measurement 
and analysis of the change in position 
that a volume of austenite undergoes 
when it transforms into a crystal of 
martensite. For this latter study, the 
stereographic analysis of shear was em- 
ployed; this method greatly simplifies 
the solution of lattice-shear problems, 
and some space is devoted to its 
description. 


Lattice Relationships 
and Habits 


PREVIOUS WORK 


The lattice relationships between 
austenite and martensite in carbon 
steels have been studied by Kurdjumow 
and Sachs,! and by Wassermann;? and 
in iron-nickel alloys by Nishiyama,?* 
Wassermann,” and Mehl and Derge. 
The studies by Kurdjumow and Sachs 
and by Wassermann were made on 
single (austenite) crystals of quenched 
1.4 pet carbon steel, and the results of 
these two independent studies agree 
closely with the postulated lattice 
relationships: 


(111),| (011)q 
(107), 111]. (1] 
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Both Nishiyama and Wassermann 
worked with an alloy of iron plus 30 
pet nickel (all austenite at room tem- 
perature), and “martensitic alpha’ 
was formed by cooling in liquid air. 
They agree that the lattice relation- 
ships for these conditions are: 


(111)y||(011)q 
[112], ||[011].. [2] 


Mehl and Derge worked with a range 
of iron-nickel alloy compositions cen- 
tered about 30 pct nickel. They con- 
cluded that when the transformation 
takes place near room temperature or 
above, relationship [1] holds, but if 
the same specimen is made to trans- 
form at —195°C, relationship [2] 
obtains; intermediate temperatures evi- 
dently produced a combination of 
these two relationships. Sachs and co- 
workers, as well as Nishiyama,’ have 
proposed transformation mechanisms 
for martensite formation.* Both of the 
mechanisms picture the transformation 
as initiated by shearing movements 
along the octahedral [111] plane of aus- 
tenite, followed by suitable expansion 


*In all of the above studies, the pole-figure 

method of evaluating lattice relationships was 
used. The relationships proposed must be ac- 
cepted as being close to the correct answer, but 
not necessarily exact. 
_ A more serious objection to these mechanisms 
is the relatively large movement and readjust- 
ments required. For example, Nishiyama pro- 
poses a shear of 19°28’ on (111)y in the direction 
[21]]y, followed by an expansion of 13 pct_along 
[Oll]y, a contraction of 7.5 pct along [211]y, 
and a contraction of 1.9 pct in a direction per- 
pendicular to these two directions. 


TP 2652 E. 
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tions AIME (1941) 145, 289. The paper 
was presented at the New York Meet- 
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and contraction to complete the trans- 
formation. These mechanisms have 
been described and commented upon by 
Mehl, Barrett, and Smith,’ Mehl and 
Derge,* Wassermann,? and others, and 
generally accepted by investigators in 
this field. 

Greninger and Troiano® have re- 
cently published the results of a de- 
tailed study of the shapes and orienta- 
tion habits of martensite crystals in 
plain-carbon and nickel steels. They 
found that, contrary to previous as- 
sumptions, martensite plates form not 
along the octahedral planes but along 
austenite planes of very high indices; 
these results were in line with those of 
previous studies of martensite reactions 
in nonferrous alloy systems by Gren- 
inger and coworkers.® © Greninger and 
Troiano concluded that the transforma- 
tion theories of Kurdjumow and 
Sachs! and of Nishiyama® are untena- 
ble. Phragmén™ reached a_ similar 
conclusion. 


EXPERIMENTAL METHODS 


The object of this particular study 
was the evaluation of (1) lattice rela- 
tionship between austenite and mar- 
tensite, and (2) relationship between 
the martensite lattice and the marten- 
site plate. The technique used for solv- 
ing these problems was similar to that 
used by Greninger® on martensitic 
structures in 6 copper-aluminum alloys. 
Briefly, the method consists of grinding 
and polishing a specimen on a surface 
parallel to an individual martensite 
plate and thus exposing a single mar- 
tensite crystal for an area of 1 to 3 mm. 
The orientation of this exposed mar- 
tensite crystal is then determined by 
means of a back-reflection Laue X ray 
pattern.!? Another pattern is obtained 
from the matrix crystal, and a stereo- 
graphic plot of data from these two 
patterns then provides the solution to 
the problem. It is necessary to repeat 
this process on several crystals in order 
to determine whether or not the solu- 
tion is unique. 
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_FIG 1—Martensite crystal in nickel steel. 
White area is a single crystal of martensite; see text for 
details of specimen preparation. Etched with Nital. X 6. 


Most martensite crystals in steel are 
far too small for the above method to 
be practical. Judging from past experi- 
ence, it was decided that the alloy that 
offered the best chance of success would 
be a steel containing about 22 pct 
nickel and 0.8 pet carbon. This alloy is 
all austenite at room temperature 
(even after very slow furnace cooling), 
and small amounts of martensite may 
be formed by cooling to —77°C. Ac- 
cordingly, 35 separate 50-g melts of 
this alloy were prepared in a high- 
vacuum molybdenum-wound resist- 
ance furnace, using as raw materials a 
1.3 pet carbon drill-rod steel and nickel 
shot.* Many ingots were remelted and 
all melts were solidified very slowly. 
Resulting austenite grain size averaged 
about 1 cm. Suitable ingots were cut 
and ground to form specimens about 1 
cm cube, which were then given a 
metallographic polish on all six sur- 
faces. Each specimen was carefully 
cooled by successive stages in mixtures 
of solid CO, and acetone; the cooling 
was halted after a few martensite crys- 
tals had formed. The largest mar- 
tensite plates were about 2 or 3 mm? in 
area, and about 30 microns thick; most 
crystals were considerably smaller than 
this. Suitable specimens were then 
ground and carefully polished on a 
surface parallel to a single martensite 
plate, exposing the crystal for an area 
of 1 mm? or more. Four martensite 
crystals from 4 different ingots were 
prepared in this manner; the largest 
crystal of this group is illustrated in 
Fig 1. Back-reflection Laue patterns 


* Most of the ingots were used to prepare 
specimens for shear studies, described in the 
second section of this report. 
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FIG 2—Martensite crystal of Fig 1. 
Etched with Nital. X 1000. 


were obtained from martensite crys- 
tals and the matrix austenite both 
before and after tempering. The loca- 
tion of the basal plane pole of marten- 
site was checked by means of oscillating 
crystal X ray patterns. 

In addition to the above orientation 
work, several Debye X ray patterns 
were prepared from slivers (cut from 
the ingots utilized) deformed and re- 
crystallized at 1100°C and then cooled 
to —195°C. Austenite lattice param- 
eter was 3.592 A + 0.005; martensite 
parameters were a) = 2.845 A, c/a 
= 1.045, both +0.005. 


RESULTS 


All 4 martensite crystals studied 
yielded the same solution (+0.5°); 
these relationships are expressed in 
gnomonic projection in Fig 3. It will 
be noted that the (111) austenite plane 
is not parallel to the (101) of marten- 
site; the planes are separated by an 
angle of about 1°. Likewise, no im- 
portant zones are parallel. Except for 
the nonparallelism of these two closely 
packed planes, the evaluated relation- 
ship may be described as about midway 
between the Kurdjumow and Sachs'and 
the Nishiyama relationships. The re- 
lationship shown in Fig 3 is for the 
untempered ‘‘tetragonal martensite’; 
in the process of tempering the relation- 


ship changes slightly. The first evi- 
dences of tempering are observed in 
the back-reflection Laue patterns (after 
only 2 or 3 days at room temperature) 
by an elongating of the Laue spots on 
the [111] zone. After a month at room 
temperature, these spots are con- 
siderably elongated, while the spots on 
both the [111] and [101] zones remain 
nicely rounded, but shift position 
slightly. After tempering 2 days at 
temperatures between 500 and 900°C, * 
all spots from the tempered martensite 
crystal are well rounded, (111)y and 
(101)@ are parallel, and the lattice re- 
lationship departs only about 1° from 
the Nishiyama relationship. Note that 
the slight change in lattice relationship 
that occurs during the tempering proc- 
ess (the approximate direction of 
shift is indicated by the small arrows in 
Fig 3) is decidedly not in the direction 
that one would expect from a simple 
change in axial ratio from 1.045 to 1. 

The narrow, dark-etching bands il- 
lustrated in Fig 2 were found to be 
parallel to {112}; 6 trace normals were 
located and all of these deviated less 
than 2° from a {112} pole of martensite. 
The bands are thus probably twin 
bands, which may have formed during 


* After one-half hour at 1000°C, the tempered 
martensite disappears and the original all- 
austenite crystal is retained at room tempera- 
ture; if the austenite is heated to 1100°C, it 
recrystallizes. 
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FIG 3—Orientation relationships between austenite and martensite in nickel steel. 
Relationships are projected gnomonically. Plane of projection is the plane of the martensite plate. 


the polishing operation. Individual 
twin bands seldom are continuous 
across the midrib of a martensite crys- 
tal, and occasionally very small (less 
than 0.5°) angular differences are ob- 
served between bands on opposite sides 
of the midrib. It is safe to conclude 
that the midrib plane represents a dis- 
continuity in the lattice of a martensite 
crystal. 


The Martensite Shear* 


If a suitable specimen of metastable 
austenite is polished metallographically 
and cooled to some subatmospheric 
temperature to form small amounts of 
martensite, the martensite may then 
be seen as a relief effect on the polished 
surface. This fact has been known for 
many years, but evidently no one has 
attempted to measure and analyze this 
relief. 

Fig 4 and 5 illustrate the appearance 
of the relief formed by martensite in the 
steel used in the present investigation. 
A careful inspection of many of these 
““needles”’ led us to the conclusion that 
the relief is caused by a deformation 
that closely resembles homogeneous 
shear and that the shear must be in the 
plane of the martensite plate. Now, it 


* Readers will find it advisable to examine 
Appendix A before continuing with this paper. 
Symbols, equations, and conventions are defined 
or derived in Appendix A. 
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may readily be proved stereographi- 
cally that it is impossible to transform 
a face-centered cubic, lattice into a 
pseudo body-centered tetragonal lattice 
by a single shear. However, it is possi- 
ble that two shears are involved in the 
transformation. If so, and if the first 
shear can be described by analyzing the 
martensite relief, then it should be 
possible to determine the remainder of 
the transformation mechanism by sim- 
ple subtraction, inasmuch as the final 
result of the transformation is known 
from the lattice relationship and habit 
information given in Fig 3. Accord- 
ingly, attempts were made to analyze 
the visible martensite shear by meth- 
ods outlined in Fig 11, Appendix A; 
the results of this analysis are sum- 
marized below. 


RESULTS 


Twelve martensite crystals in 3 
specimens from 3 different ingots were 
studied. The results obtained for the 
direction of shear and the shear angle 
are shown by the small arrows and 
numbers on the primitive circle of Fig 
6; the average yo of the 12 measure- 
ments is 10.75°. The accuracy of an 
individual measurement is about + 10° 
in direction and about +2° in angle. 
Some measurements were considerably 
better than this, notably the fifth arrow 
from the top in Fig 6, which is believed 


good to within 5° in direction and 0.5° 
in angle. If a martensite crystal could 
be found having a surface like that 
shown in Fig 4 on two faces of a speci- 
men, the direction could be evaluated 
to within less than 1° and the angle to 
within a few minutes. Unfortunately, 
no near-perfect martensite crystal of 
this type was found in the dozens of 
specimens examined, though, of course, 
only plates that were reasonably well 
formed were measured. The plates 
with perfect faces show a definite 
tendency to be grouped at the centers 
of the specimen surfaces, instead of at 
the edges where they must be if they 
are to be analyzed. 

A continuation of the stereographic 
manipulation yielded the following im- 
portant result: When the austenite lat- 
tice was deformed stereographically in 
accordance with the average experimen- 
tally determined direction and angle of 
shear, it was found that a second shear 
could transform this triclinic lattice into 
a pseudo body-centered tetragonal lattice 
of the same orientation and almost the 
same parameters as martensite (having 
an atomic volume equal to that of 
austenite). Furthermore, this second 
shear is on the (112) martensite plane 
in the [111] direction; these are the 
elements for twin gliding in the body- 
centered cubic or tetragonal lattice. 
This second shear cannot, of course, be 
homogeneous on a macroscopic scale, 
though atomically it is; it must be 
confined to the volume of the triclinic 
lattice produced by the first shear. In 
the twinning shear of the body-cen- 
tered cubic lattice, points on every 
sixth (112) layer are common to both 
the twinned and the untwinned lat- 
tices.’4 In the second shear of the mar- 
tensite mechanism, the shear angle (the 
optimum angle is between 12° and 13°) 
is about one-third as large as the shear 
angle for twinning, hence the second 
shear will take place in layers of about 
18 atomic planes. The deformation of 
the austenite lattice into a martensite 
lattice by means of these two shears is 
illustrated stereographically in Fig 6,* 
and the data and results of calculations 
are summarized in Tables 1 and 2. An 
inspection of Tables 1 and 2 and of Fig 
6 will reveal that the*optimum calcu- 
lated direction for shear No. 1 has been 
bracketed by directions A and B of 
Fig 6. 

Another possibility for the second 
shear is that it be on (123), in the direc- 
tion [111],. These shear elements give 


* The .Stereographic portion of this analysis 
was carried out with the aid of a 15.75 in. diam 
stereographic net. 
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Slightly better results than (112) and 
[111] but not sufficiently better to war- 
rant their selection as the true ele- 
ments. No better results are obtained 
with irrational shear planes and direc- 
tions for the second shear. 

The missing parameter that makes it 
impossible at present exactly to define 
the mechanism from beginning to end 
concerns the change in atomic volume. 
When a volume of austenite trans- 
forms to martensite, it increases about 
4 pct in size; this volume increase is 
uninfluenced by carbon content (see 
Table 3). Shear can produce no change 
in volume; hence, a small but nonethe- 
less important part of the transforma- 
tion consists of an expansion. If the 
expansion occurs either at the begin- 
ning or end of the transformation, it 
would produce no change in orienta- 
tion, and the spacing changes are 
readily calculated. If the expansion 
occurs during the transformation, it 
could have a maximum effect of about 
1° on the resulting orientation of the 
martensite lattice. The “‘unexpanded 
martensite’ interplanar spacings listed 
in Tables 1 and 2 were calculated from 
the measured martensite parameters of 
the steel used in this study, assuming 
that the expansion is merely one of a 
change in atom radius. 

Most of the experimental results de- 
scribed above will be discussed in the 
following section. 


The Meehanism of the 
Martensite Transformation 


In the following is presented a brief 
exposition of the movement of atoms in 
a martensite transformation. The gen- 
eral statement is really nothing more 
than a rewording of the experimental 
results reported in this paper. Applica- 
tion of the theory in a specific case will 
provide a solution for both lattice rela- 
tionship and orientation habit for any 
martensite transformation in steel oc- 
curring near room temperature or 
below. The probable effect of the tem- 
perature variable is predicted and it is 
pointed out that the most important 
problem awaiting solution is the com- 
plete experimental determination of the 
effect of temperature change on the 
mechanism of an individual martensite 
transformation. 


GENERAL STATEMENT 


In a martensite transformation, bil- 
lions of atoms move from their posi- 
tions on the matrix lattice to positions 
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Table 1. . . Orientation and Spa cing Changes Resulting from the Martensite 
Shears 


Trial Shear “‘A’’* 


SS SEE ee 
Before After Data Calculated d- 
Shearing; | Shearing; | Shear pee Valuest | Devia- 
pustoniis Binnie No. Saed mons in 
ndices ndices / pande egrees 
p ¢ at Y a Mart 
(200) (002) i pe 30 2 & ‘ : ae 6° 36’ | 1.645 
3 E 645 | 5°12’ | 1.470 4 
(022) (020) 4 Lee ears 1.270 62:00”) | =33T eat ; 
* 2 Tis3l 6° 22’ | 1.410 1.405 
(022) (200) 5 ees ay ~ Leap) PARIPIE We i GG ' 
; Zi. Be) ° 06’ 
(220) (112) i Stene 33..5° 7 370 ee 20" 1178 1.181 1 
Ly oOo movement 
(002) (110) z P2525° Ne OT Ak 7G 4° 08’ | 1.972 1.987 1s} 
oOo movement 
(111) (101) 1 Be Nh GPE ie LTS e990 2.030 0.5 
2 eens No hasty 
- , 23. 2.074 | 10°12) | 27057 2.030 0.3 
(111) (O11) 2 ark No movement 
z ‘Ss ; 88.5° | 2.074 | 0° 09 | 2. 
(111) (O11 2 45° | 32.5° | 2.079 | 10° 48° Sol 2.030 1 
(111) (101) t 165.6° 48. ° | 2.074 CONN PA G4 j 
2. oa 2) | 20125)! Deo ts2ho72 2.030 1 
(020) (110) 1 HORE a | On 0> le 1296 2230 ste Sl 
2 135,,5° aes ah alates 7° 34’ | 1.996 1.987 1 


fs Refer to Fig 6; shear No. 1is on the plane of the martensite plate in the direction of Trial Shear “A” 
with y = 11°; shear No, 2 is on (112) a in, the direction [1ll]a with y = 13°. 
+ Calculated from austenite ayo = 3.592 A. 


{ Calculated from Debye pattern of martensite after changing parameters to make atomic volume 
equal that of austenite; for unexpanded martensite: ao = 2.810 A, c/a = 1.045. 


§ Angle between the pole resulting from the shear movements and the corresponding martensite pole 
experimentally located (from the lattice relationship information given in Fig 3). 


Table 2 . . . Orientation and Spacing Changes Resulting from the Martensite 
Shears 


Trial Shear *‘B’’* 


Before After Data Calculated d- Devia- 
Shearing; Shearing; Shea De steal tion 
Austenite | Martensite No. eed in 

Indices Indices p ¢ at Y a PM e Degrees 

art 
(200) (002) 1 Siabe Ore 1.796 foRO2! 1.649 
= 2 50. ° ORs 1.649 4° 51’ 1.475 1.468 ees 
(022) (020) 1 Ubi 60.° 1.270 Aero 27. 1.316 
2 150.5° Do 1.316 6° 24’ 1.390 1.405 Zuo 
(022) (200) 1 134. ° 61.° 1.270 2°36! 1.328 
2 147.5° as 1.328 6° 20° 1.413 1.405 1 
(112) (220) 1 aL? 42.° 1.270 5° 24! 1.192 1.181 
2 No movement 025 


* Refer to Fig 6. Shear No. 1 is on the plane of the martensite plate in the direction of Trial Shear 
“B” with y = 10.5°; shear No. 2 is on (112) @ in the direction [111] @ with y = 13°. 
T,£,§ See Table 1. 


Table 3. . . Atomic Volumes of Austenite and Martensite 
Atomic Volume 
Cubic Angstroms 
Pct Temp Range* per Atom At. Vol. Mart.f Referees 
Carbon 2 At. Vol. Aust. 
Austenite | Martensite 
Plain Carbon Steels 
0.90 230° to 20° 11.526 12.058 1.046 Hage!® 
1.20 160° to 20° 11.664 12.128 1.040 Hage'* 
1.58 90° to 20° i Wie ees 12.300 1.045 Hagg!é ore 
1.74 70° to 20° 11.900 12.450 1.046 Honda and Nishiyama?’ 
1.80 65° to 20° 11.928 12.419 1.041 Greninger (unpublished) 
Nickel Steel (22 pct nickel) 
© ts, ee Se 
~0.80 —60° to —195° 11.586 12.032 1.038 this publication 


* Approximate temperature range in which martensite formed. See Ref 5. é 

t apace iron, the Pate of the atomic volume of ferrite to that of austenite! is: at 900°C, 1.007; at 
20°C, 1.039. The average temperature coefficient of expansion of gamma iron is almost twice that of 
alpha iron. See Ref 18. 


lattice containing a unique set of paral- 
lel atomic planes whose interplanar 
spacing and atom positions are the 
same as those of a set of parallel 
atomic planes in the martensite lattice; 
a second shear, on this unique plane, 
will then be capable of generating the 
martensite lattice. In the usual case, 


on the martensite lattice. This change 
in position can be described almost 
entirely by two homogeneous shears (if 
the transformation cannot be accom- 
plished by one shear, as it can be for 
the transformation: hexagonal close- 
packed = face-centered cubic). The 
function of the first shear is to create a 
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FIG 4—Austenite specimen, polished and cooled to about 


11°C. 


Unetched. Oblique illumination. X 120. The martensite crystal 


shown has y’ = 3° for this surface. 
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FIG 6—Stereographic projection illustrating the transformation from austenite to martensite 


by means of two homogeneous shears. 

Plane of projection is the plane of the martensite plate (plane of shear No. 1). Small arrows and 
figures at the right represent the experimentally determined directions and angles of shear for shear 
No. 1. Trial shears “‘A’’ and ““B” are directions for shear No. 1 assumed for purposes of calculating 
orientation and spacing changes of planes in the austenite lattice. Squares, triangles, and ovals 
designate {100}, {111}, and {110} austenite poles respectively. Austenite and martensite poles were 
plotted from experimental data of Fig 3. The travel of each austenite pole as a result of shear No. 1 
is along an equatorial line; the additional shift resulting from shear No. 2 is along a great circle joining 
the pole of the second shear plane (see Tables 1 and 2). The numbers attached to indices of the axial 
planes of martensite are (1) numerators—interplanar spacings calculated from shear data—and 


(2) denominators—actual interplanar spacings of the 


the complete transformation cannot be 
accomplished precisely by two shears; 
hence a very small readjustment will 
be needed, most logically after the 


first shear. The selection of planes and’ 


directions for the two shears will be 
governed by considerations of mini- 
mum shear angle and minimum read- 
justment. The second shear plane will 
probably be a low-indices plane of the 
martensite lattice, the first shear plane 
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e 


unexpanded martensite’’ lattice. 


(and direction) will be an irrational 
plane in the matrix lattice because its 
selection is governed by requirements 
that cannot be expressed in terms of 
the matrix lattice itself. The solution of 
the above problem begins with the 
selection of the second shear plane. 


THE PLANE OF THE SECOND SHEAR 


The designation of the second shear 
plane is arrived at from a comparison of 


FIG 5—Another area of specimen of Fig 4. 
Unetched. Oblique illumination. X 120. 


interplanar spacings of, and atom posi- 
tions on, the lattice planes of the 
matrix and martensite lattices; the ob- 
ject is to designate a martensite plane 
that most easily may be generated 
from an austenite plane. This compari- 
son must be made with due regard to 
the principles of lattice shear illus- 
trated in Fig 10, Appendix A. For the 
transformation face-centered cubic > 
body-centered cubic, the following 
combinations* are most probable; 
other possible combinations will have 
indices higher than those shown:} 


(a) (220), — (112)a 
(b) (331)y > (123)a 
(c) (442)y — (134)q 


If expression (a) can be fulfilled ex- 
actly, then expressions (b) and (c) can- 
not be. Actually, neither (a) nor (6) 
nor (c) can be fulfilled exactly; the 
differences in readjustments required 
by expressions (a) and (b) are so small 
that for the extension of this analysis. 
it makes no difference which of the two 
is selected, or which one actually op- 
erates as the second shear plane. 


THE PLANE AND DIRECTION OF 
THE FIRST SHEAR 


If (220), — (112), could be fulfilled 
exactly, the plane and direction of the 
first shear for minimum y could be 
accurately determined mathematically. 
Actually, the expression cannot be ex- 
actly fulfilled, and the optimum plane 
and direction of the first shear are more 
readily located by trial-and-error meth- 


* The expression (220)a— (112)y means: As 
a result of a single homogeneous shear in the 
austenite lattice, the orientation, the interplanar 
spacing, and the atom positions of the (220)7 
plane become (very nearly) the same as those of 
the (112)a plane. 


{ These expressions (with the direction of the 
arrows reversed) must also hold for the reverse 
transformation body-centered cubic —> face-cen- 
tered cubic. 
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ods of stereographic manipulation; of 
course, there can be no single solution, 
but instead the shear plane will be 
located as a small area and the shear 
direction as a small oriented angle. The 
spread or scatter for the plane and for 
the direction will be a function of the 
readjustments required for the genera- 
tion of (112),. For the case of the mar- 
tensite transformation illustrated in 
Fig 6, the permissible scatter for the 
pole of the shear plane was determined 
stereographically as about +4° and for 
the shear direction about +5°: both 
of these agreed with those experimen- 
tally determined. 


LATTICE RELATIONSHIPS 


After the elements of the two shears 
have been determined, the resulting 
lattice relationship may be solved 
stereographically. For the transforma- 
tion face-centered cubic to body-cen- 
tered cubic, a pseudo body-centered 
tetragonal lattice of axial ratio greater 
than 1 will always form; for the reverse 
transformation, the tetragonal cell 
must have an axial ratio slightly less 
than 1 (see Fig 6). The continuation of 
the transformation to the final cubic 
form may be hindered by the presence 
of certain solute atoms;* notably, car- 
bon is responsible for the retention of 
the tetragonal lattice of martensite in 
steel. For the martensite transforma- 
tion in iron-nickel alloys, the tetragonal 
stage is not retained; we may confi- 
dently predict that for nickel contents 
above about 29 pctt this transforma- 
tion will proceed along the same paths 
as the transformation shown in Fig 3, 
and that the final lattice relationships 
will be very close to the Nishiyama 
relationship.{ 


THE EFFECT OF TEMPERATURE 


It is quite likely that with an increase 
-in the temperature of the transforma- 
tion, there will be a tendency for the 
first shear elements to assume lower 
indices and higher symmetry. How- 
ever, a change in the elements of the 
first shear will be possible only when 
~ the temperature of the transformation 
and thus the atomic mobility is in- 
creased sufficiently so that larger read- 
justments are possible. A stereographic 


*It is probable that the temporary retention 
of the tetragonal transition lattice is always due 
to the proper ordering of solute atoms. The 
tetragonal lattice that results from the martensite 
transformation in 6 brass!9 is remarkably stable; 
there is good reason to believe that quenched 8 
brass is ordered.1° 

+ See the first footnote in the next column. 


£ No explanation is advanced for the small 
lattice-relationship changes observed to occur 
during the change from tetragonal to cubic 
martensite, and illustrated in Fig 3. 
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FIG 7—Origin of the martensite midrib. 


solution for probable first-shear planes 
and directions of higher symmetry sug- 
gests that the shear plane should be- 
come (422), and the direction of shear 
[111],.* The resulting lattice relation- 
ship would then be [110],||[111]., and 
(111),:(101)2 = 0° to 3°, depending 
upon the directions of readjustment; 
the readjustments necessary are 3 to 5 
times as great as those required by 
the “lowest temperature’? mechanism 
shown in Fig 6. For still higher tem- 
peratures, the only probable change in 
the pole of the first shear plane would 
be along the [011], zone in the direction 
of (111), and for highest temperature, 
the first shear should, be on (111), in 
the direction [211],—these are the ele- 
ments of twinning shear for the face- 
centered cubic lattice. The above 
statements are based upon the assump- 
tion that the elements of second shear 
do not change with temperature; there 
should be no tendency for change, inas- 
much as at lowest temperatures, the 
elements of the second shear are the 
same as those of the twinning shear 
in the body-centered cubic lattice. 
With increasing temperatures, there 
should be an increasing probability 
that actual twins will be produced in 
the body-centered cubic lattice.t 


THE MARTENSITE MIDRIB 


The plane of the martensite midrib 
represents a region of discontinuity in 


* This predicted shear plane is located only 5° 
from the experimentally determined plane of 


martensite plates in plain carbon steel containing - 


0.9 to 1.4 pet carbon.9 Martensite of this habit 
is also formed in iron-nickel-carbon alloys in 
certain composition ranges. Martensite in iron- 
nickel alloys has the ‘‘lowest temperature” 
irrational habit for nickel contents above about 
29 pct nickel; for lower nickel contents the habit 
is octahedral, but poorly developed. 


+ Abundant twinning results from the y— @ 
transformation in iron; see Ref. 15. For the mar- 
tensite transformation: body-centered cubic — 
hexagonal close-packed, the plane of second 
shear is (1011), and polysynthetic twinning on 
(1011) results from this transformation at moder- 
ately low temperatures; see Ref. 6. 


the lattice of a martensite crystal.* The 
manner in which this plane of discon- 
tinuity probably originates is illus- 
trated in Fig 7. Shearing action starts 
on the plane of the midrib, and is 
propagated in parallel but opposite 
directions on both sides of this plane. 
The final tetragonal crystal could be 
identical and continuous on both sides 
of the midrib plane if the transforma- 
tion could be completed without read- 
justments. The small readjustment 
that must occur would permit a differ- 
ence in orientation of about 0.5°, hence 
a discontinuity at this plane of contact. 
An additional and probably more im- 
portant consideration is that it is very 
unlikely that the shear can be perfect 
near its plane ef origin when it must be 
propagated on both sides of this plane. 


Summary 


An X ray and microscopic study of 
the martensite transformation in steels 
containing about 22 pct nickel and 0.8 
pet carbon has been made, and a brief 
exposition of the movement of atoms 
in this martensite-type transformation 
has been advanced. The martensite 
crystal is formed from an austenite 
crystal almost entirely by means of two 
homogeneous shears. The function of 
the first shear is to create a lattice con- 
taining a unique set of parallel atomic 
planes whose interplanar spacings and 
atom positions are the same as those 
of a set of planes in the martensite lat- 
tice; a second shear on this unique 
plane will then generate the martensite 
lattice. 

The theory predicts both lattice re- 
lationships and orientation habits for 
martensite transformations. The two 


* See p. 592. Another fact supports this state- 
ment: The midrib plane is the region where 
carbon first precipitates when martensite is 
tempered. 
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FIG 9—Deformation of a circle into an ellipse. 


Zone of Shear Direction: 
Poles in this zone do not 
change pcsition; interplanar 
spacings do not change, but 
atom positions on these 
planes do change. 


Circular Section 
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FIG 10—Stereographic summary of shear. 


Plane of projection is the plane of shear. 
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principal experimental determinations 
were: 

1. The evaluation of the lattice rela- 
tionship between austenite and indi- 
vidual crystals of martensite. (See 
Fig 3.) 

2. The measurement and analysis of 
the change in position that a volume of 
austenite undergoes when it transforms 
into a crystal of martensite (see Fig 6). 


Appendix A 
The Stereographie Analysis 
of Shear 


In Fig 8 a lattice segment having the 
shape of a rectangular parallelepiped is 
deformed by homogeneous shear upon 
the basal plane in the direction of the 
long axis. The displacement of any 
point within the lattice segment is a 
linear function of its distance from the 
undistorted base plane. The displace- 
ment at unit distance from this base 
plane is s; the shear angle is y. Plane 
abs is any lattice plane in the undis- 
torted segment; as a result of the de- 
formation, plane abs moyes to its new 
position efs. The position of plane abs 
is fixed with respect to the plane and 
direction of shear by the modified 
spherical polar coordinates @ and p. @ 
is the angle between the trace normal 
of plane abs (on the shear plane) and 
the direction of shear, and p is the angle 
between abs plane normal and the shear 
plane; p is measured in a clockwise 
direction from the shear plane, and thus 
may have values between 0° and 180°. 
The plane spdgrq is perpendicular to 
planes abs and efs. pt is perpendicular 
to plane abs, and pr is perpendicular to 
plane efs. If, then, we designate the 
angle between planes abs and efs asy’, 
the following relations obtain: 


s 
tan y = Fi 
tan p = 2 
cd 
tan (p +7) == 
gd = scos¢ 
“. tan (op +’) = tan p + tany 


cos@ [1] 


In the undistorted lattice, planes 
parallel to plane abs have interplanar 
spacing d; after the deformation, the 
interplanar spacing of these planes in 
their new positions is d;. Then, 

cos p = Ty cos (p + 7’) re 


Set cope yy) [2] 


cos p 
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All angular distances contained in 
Eq 1 and 2 are depicted stereographi- 
cally in Fig 10, in which the plane of 
projection is the plane of shear and the 
direction of shear is as indicated. Note 
that the shear angle y has been re- 
placed by the quantity yo. (The reason 
for doing this is that yo is the quantity 
that is directly determined in the 
stereographic solution of a shear prob- 
lem—see Fig 11.) The relation between 
the shear angle y and the angle yo is 
shown in Fig 9. yo is the angle between 
the circular section of the strain ellip- 
soid* and the plane that all points on 
this section occupied in the undistorted 
lattice; these two surfaces are repre- 
sented as great circles in Fig 10. 

The relationships expressed in Fig 10 
are quite general; they may be applied 
to any case of a single homogeneous 
shear.t Note that as a result of shear, 
all poles travel along equatorial lines; 
the only poles that do not change posi- 
tion are those lying in the zone of the 
shear direction. The angular displace- 
ment, y’, as well as the change in inter- 
planar spacing may be calculated 
precisely for any pole that is plotted, 
so long as the plane and direction of 
shear-and 7 are known.{ The value of 
y’ and thus of dj, are relatively insensi- 
tive to small errors in ¢ and p. 

In the experimental problem that 
arises, the conditions are the reverse of 
those outlined above; namely, we 
measure y’, ¢, and p for two poles and 
we wish to solve for the direction of 
shear and yo. This problem and its 
stereographic solution are illustrated in 
Fig 11. In Fig 11, a small plate-shaped 
volume of the crystal has undergone a 
deformation as illustrated. Within the 
distorted volume, surface I has moved 
to a new position Ia; similarly, surface 
II is now in position Ila. If we assume 
that the deformation has been a 
homogeneous shear along the plane of 
the plate, we may evaluate the direc- 
tion and angle of shear. The measure- 
ments that must be made are: (1) those 
ordinarily needed to plot the location 
of a pole from the measurements of 


*The other circular section of the strain 
ellipsoid is, of course, the undistorted base plane. 
Crystallographers usually designate these two 
planes as Kz and Ki, respectively. 


+ In the information given by Fig 9, the follow- 
ing space relationships between the hemisphere 
of projection, the specimen, and the observer 
are either stated or implied: The hemisphere is 
located between the specimen and the observer; 
the shear direction is toward the right of the 
observer; plane normals proceed from the speci- 
men toward the observer, and intersect the hemi- 
sphere of reference in their path; the distortion 
that is analyzed lies between the undistorted 
base plane and the hemispherical surface. 


{ The angular displacement may also be deter- 
mined by stereographic manipulation (see Ref. 
13). For most work, however, the stereographic 
solution of y1! provides insufficient accuracy. 
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FIG 11—Stereographic determination of the direction and angle of shear. 
Plane of projection is the plane of shear. 


traces of the plane on two surfaces, and 
(2) angles yz’ and yx’; these latter are 
measured with an optical goniometer. 
The steps in the stereographic solution 
are as follows: 

1. With surface I as the plane of 
projection, plot stereographically the 
poles of surfaces I, Ia, II, and Ila, and 
the pole of the shear plane. 

2. Rotate the projection to make the 
shear plane the plane of projection. 

3. Replot surfaces I, Ia, II, and Ila 
as great circles. (This stage is illus- 
trated in Fig 11.) 

4. Point a then represents a line in 
the undistorted crystal (the intersec- 
tion of surfaces I and II), and as a re- 
sult of the deformation this line has 
moved to the position represented by 
point b (the intersection of surfaces Ia 
and IIa). 

5. The stereographic net is then ro- 
tated until a and 6 lie on the same great 
circle, and the straight line joining the 
two diametrically opposite poles of this 
great circle is parallel to the shear direc- 
tion. The direction of movement is as- 
certained from the fact that a@ moves 
to b (not b to a), hence the direction of 
shear indicated by the arrow in Fig 11. 

6. To evaluate Yo, the stereographic 
net is rotated until its equator coincides 
with the direction of shear, and points 
c and dare located by the requirement 


that great circles fad and ec must be at 
equal distances from the center of the 
projection and points c and d must lie 
on the great circle that is shown. An- 
other way of stating the requirement is 
that the angle between point c and the 
equator must be equal to the angle 
between point d and the equator. Angle 
cd is then equal to yo and angle ef must 
be equal to cd inasmuch as all points 
on the great circle ec move to positions 
on the great circle fad as a result of the 
deformation. 

The stereographic method for solving 
the above problem represents a graphi- 
cal solution of two simultaneous equa- 
tions of form (1). If it is possible to 
measure yz! and yy! to within a -few 
minutes of arc, and extreme precision 
is needed, then the shear direction and 
yy may be solved as follows: 

Two equations of form (1), after 
substituting the known values of y! and 
p for surfaces I and II, reduce to 


tan y cos ¢y = a [3] 
tan y cos ¢n = 6 [4] 
divide [3] by [4] 
cos gr __ 
coséu ° 6] 


then, inasmuch as (¢; + ¢yz) is known, 
an accurate solution of expression [5] 
may be obtained by trial and error. 
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Effect of Composition on the Wire Textures of Copper and Its Solid Solution Alloys 


WALTER R. HIBBARD, Jr.,* Junior Member AIME 


It has been proposed! on the basis of 
slip and flow that the ideal deforma- 
tion texture of drawn wire for face- 
centered cubic metals is a (111) direc- 
tion parallel to the wire axis. Under 
these considerations, an intermediate 
[100] texture is permissible but should 
eventually change to the stable [111] 
orientation. This theory does not ex- 
plain why copper and its alloys con- 
taining up to about 30 pct nickel, 5 pct 
zinc and 1 pct aluminum were found 
to have a double [111], {100] texture, 
while alloys with at least 8 pct zinc and 
2 pct aluminum developed essentially 
a single [111] texture.':? It does sug- 
gest, however, that the [100] com- 
ponent of the former alloys should 
disappear with additional deformation.*® 
Some evidence exists to support this 
suggestion. Howald‘ reported that an- 
nealed copper wire previously drawn 
93.8 pct and 98.5 pct developed a 
single [111] texture. Since, in wire, the 
drawn and annealed textures are simi- 
lar, these wires probably had a single 
[111] deformation texture before an- 
nealing. In addition, although cold 
rolled polycrystalline copper and 80-20 
brass were found to form different types 
of pole figures,*:* single crystals of these 
metals when rolled from the stable 
(110) [112] orientation were found to 
produce essentially the same pole 
figure? It may be, therefore, that 
while the addition of solute elements 
changes the path by which the final 
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texture is obtained, the final texture is 
not changed. 


Experimental Results 


The wires remaining from the previ- 
ous investigation! already drawn about 
50 pct reduction in diameter were 
further drawn to 86 pct and then to 
96.4 pct total reduction in diameter. 
The textures were determined «after 
these stages by transmission X ray 
photograms taken with a copper 
K-alpha beam rotated @ degrees to- 
ward the wire axis. It was found that 
the ratio of the [111] and [100] intensi- 
ties of the double texture in copper and 
its alloys containing 0.94 pct aluminum, 
30.70 pct nickel, 2.61 pct zinc and 4.99 
pet zine increased from about 3:1 for 
the 50 pct reduction to about 9:1 for 
the 86 pct reduction. After 96.4 pct re- 
duction, these wires exhibited essen- 
tially a single [111] texture. 


Summary 


Thus, the drawn wire deformation 
texture of copper and its alpha solid 
solution alloys containing aluminum, 
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nickel or zine is essentially a single 
[111] texture as predicted by theoreti- 
cal considerations of slip and flow.! For 
copper and its alloys containing up to 
about 1 pct aluminum, 5 pct zinc and 
at least 30 pct nickel, an intermediate 
[100] component is found after about 
50 pet reduction in diameter, but dis- 
appears after about 95 pct reduction in 
diameter. For alpha solid solution 
alloys containing at least about 2 pct 
aluminum and 8 pct zinc the single 
{111] texture is developed considerably 
more easily and is found after about 50 
pct reduction in diameter. No explana- 
tion of this compositional effect is ap- 
parent. Similar work is contemplated 
for cold rolled and cold compressed 
alloys. 
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Structure and Nature of Kink 
Bands in Zine’ 
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J. B. HESS,+ Junior Member, and C. S. BARRETT,+ Member AIME 


Single crystal rods of cadmium col- 
lapse under uniaxial compression into 
peculiar kinks if the (0001) glide plane 
is nearly parallel to the axis of com- 
pression. In his report first describing 
this behavior, Orowan! proposed that 
these “kink bands” do not develop 
entirely by ordinary gliding and twin- 
ning but by a special mechanism in 
which glide lamellae of uniform thick- 
ness-snap abruptly toa tilted position 
that permits lattice continuity across 
the glide planes. He concluded that a 
portion of each boundary. of a kink 
band consists of a plane (non-crystallo- 
graphic) which bisects the angle be- 
tween the glide planes on the two sides 
of it, and along which the bending and 
the dislocations are concentrated. 

The data presented by Orowan 
seemed to us to be insufficient to con- 
clude that a wholly new mechanism of 
deformation was responsible for the 
kinks. Therefore, we have investigated 
zinc, which is hexagonal close-packed 
and has an axial ratio near to cadmium, 
to see whether similar bands are pro- 
duced, and whether the ordinary 
mechanisms of glide, bend-gliding, 

-twinning, and the formation of de- 
formation bands can account for its 
mode of deformation. 

We find that kinks form profusely 

- in zinc as shown in Fig 1. The structure 
of these kinks, reported below, seems to 
require no new mechanism for their 
explanation, but indicates that kink 
bands are a special form of deformation 
bands and develop gradually, solely 
from basal glide. A theory covering the 
formation and structure of the bands is 
presented in detail because it is seldom 
possible to study deformation bands 
under such simple conditions, yet many 
principles applying to these kinks 
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FIG 1—Typical kink bands in compressed single-crystal zinc rod. 3X. 


should also apply to deformation bands 
in general. 


Experimental Procedures 


Single crystal rods of 2-3 mm diam 
and 10-15 cm length were grown by 
the Bridgman technique from swaged 
wire of Horsehead Special zinc in un- 
coated pyrex tubes. Orientations of the 
rods were determined with an optical 
goniometer after cleaving the rods at 
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liquid air temperature. Crystals of 
desired orientations were then selected 
and used as ‘‘seeds”’ to grow additional 
crystals approximately 4 ft in length 
from which all specimens were cut. 
The wires were compressed in two 
ways: in a simple hydraulic handpress 
—a ‘‘soft’? machine—and in a Riehle 
hydraulic testing machine modified to 
produce very ‘‘stiff’’ action by the 
simple expedient of inserting lengths 
of steel bars at the sides of the zinc crys- 
tals between the compression plates. 
For metallographic examination, the 
specimens were mounted in sealing 
wax. Hand polishing was employed, 
with no grits coarser than No. 1 paper; 
following the abrasives about 0.025 in. 
was removed by an _ etch-polishing 
reagent.* Final etching to reveal ori- 


* 200 g CrOs, 15 g NasSO4 (or 34 g Na2SO«u- 
10H20), 1000 ml water, applied by swabbing. 
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FIG 2—End-kinked crystals, illustrating the increase in kink length with in- 


creasing specimen length. 
The unsupported length is indicated. The first kink to form in the shortest specimen 
is shown by the arrow. Specimens a and b are shown at higher magnification in Fig 1b and 


lc respectively. 


entations was with 50 pct HCl,? 
swabbed for about 5 sec. An optical 
goniometer was used for orientation 
determinations. 


Experimental Results 


CONDITIONS FOR KINK 
FORMATION 


A single crystal zine rod of suitable 
orientation deforms by kinking when 
it is compressed axially provided the 
rod ends are restrained from rotating. 
Such restraint is provided by inserting 
the ends into axially aligned holes in 
the compression plates, or, with short 
specimens, merely by permitting the 
squared-off ends of the crystals to rest 
directly upon the compression plates. 

Axial compression alone is not suffi- 
cient to cause kinking, for when the 
ends of a zinc rod are inserted into 
hardened steel caps having axially- 
aligned conical points which rest 
against the compression plates, kink- 
ing does not result. Instead, the crys- 
tals buckle into a smooth sine-curve 
without abrupt bend angles on either 
the convex or concave surfaces. Con- 
tinuing compression under these con- 
ditions leads to twinning at the convex 
(tension) surface and ultimately to 
cleavage on the new basal planes of the 
twinned region; the fracture is then 
propagated jerkily across the section 
by the process of further (1012) twin- 
ning at the base of the crack and basal 
cleavage through these twins, and the 
final cleavage surface has a striated, 
stepped appearance in units corre- 
sponding to the widths of the succes- 
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sive twin bands. Crystals subjected to 
pure bending without simultaneous 
compression deform and cleave in like 
manner. 

All crystals having their basal (0001) 
planes nearly parallel to the wire axis 
could be made to kink. As the inclina- 
tion of the basal plane to the wire axis 
increased, kinking became erratic, so 
the present work was done on crystals 
having the basal plane within 3° of the 
wire axis. The appearance of the kink 
bands in zinc, Fig 1,2, and 5 are identi- 
cal to the photographs of kinks in 
cadmium published by Orowan. 

The kinks occur at several reason- 
ably definite locations along the speci- 
men lengths. For example, in one group 
of 14 specimens of widely differing 
lengths, the first kink to appear in 5 
specimens occurred at the end of the 
unsupported length, that is, where the 
rod entered the hole in the compression 
plate; in 5 others the first kink formed 
¥4 of the way along the unsupported 
length, and the remaining 4 kinked at 
14-length positions. Invariably the 
kinks that formed at the ends formed 
only in those specimens whose surfaces 
appeared to be completely free of pits, 
small laps, or other defects. Conversely, 
the 144 and 14 locations occurred in 
specimens containing such blemishes, 
and, with only few exceptions, the 
kinked regions were observed to termi- 
nate at such visible defects. 

There was no correlation between 
specimen length and kink location. 
However, in the case of end-kinked 
specimens, there appeared to be a 
direct relation between the specimen 
length and the length of the kink that 


FIG 3—A kinked crystal sub- 
sequently cleaved on the basal 
plane. 3X. 


formed—the longer the specimen the 
longer the kink, as illustrated in Fig 2, 
and equal length specimens yielded 
equal length kinks. Furthermore, when- 
ever a second kink formed in such 
specimens, the new kink was always 
shorter than the initial kink and always 
tilted the opposite way. An example is 
shown in Fig le. 

The sudden buckling discussed by 
Orowan is characteristic only of kink- 
ing in a “‘soft”’ machine; in a “‘stiff”’ 
machine the kinks form gradually, 
with progressive reorientation of the 
crystal within the kink bands. For a 
typical example, a simple kink such as 
shown in Fig la was found to have the 
basal planes bent 12.5° at the kink 
notches when it was first unmistakably 
recognized, but continued compression 
in a “‘stiff’’ machine increased these 
angles gradually to 27.5° before the 
test was halted. Final bend angles as 
large as 88° have been measured. 


REORIENTATION IN SEMPLE KINK 
BANDS 


The reorientation caused by kinking 
is a rotation around an axis that. lies 
parallel to the glide planes. This fact is 
demonstrated convincingly by cleaving 
a kinked crystal at liquid air tempera- 
ture so that the bends and curvatures 
of the glide planes are revealed, as 
shown in Fig 3. During the initial 
stages of kinking the rotation axis is 
normal to the [2110] slip direction that 
lies closest to the compression axis. In 
the late stages the rotation axes 
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FIG 4—Structure of typical simple kink. 


_ Thin parallel lines indicate glide planes; broken lines, 
kink boundaries; dash-dotted lines, undistorted parallelo- 


gram. 


deviate slightly from this crystallo- 
graphic direction to become non-crys- 
tallographic and more nearly normal 
to the rod axis, though still remaining 
parallel to the glide planes. For the 
special case in which a [2110] direction 
is parallel to the rod axis, the rotation 
axis does not shift from a position that 
is normal to both the rod axis and the 
slip direction. 

It is simpler to consider the latter 
case and to represent the orientations 
present by a sketch in which the rota- 
tion axis is normal to the plane of the 
drawing. This is done in Fig 4 for a 
simple kink. It will be noted that on 
the cross-section of the specimen illus- 
trated in this figure there are two 
symmetrical areas of oppositely bent 
glide planes, between which there is a 
parallelogram of unbent, but rotated, 
material. The parallelogram has dia- 
metrically opposite corners at the kink 
grooves a and b. At an earlier stage in 
the development of a simple kink such 
as this, the grooves are at the same 
places and the parallelogram is wider, 
with sides extending across from 
grooves a and b more nearly perpen- 
dicular to the wire axis, and with the 

orientation of material within the 

parallelogram more nearly like that of 
the original undeformed crystal. At a 
later stage in the compression of such 
a crystal the sides of the parallelogram 
may meet, leaving no unbent area. 
When this happens the loci of those 
parts of the crystal that have been ro- 
tated the greatest amount then lie 
along the line joining the grooves. 

In the regions of a simple kink band 
neighboring the parallelogram of un- 
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FIG 5—Macrograph of ridges produced in late 


stage of kinking. 


(The striations are due to the method of preparing 
the single crystals, but in this example correspond to 
the traces of the (0001) planes as well). 11 X. 


distorted material, the bent glide 
planes approach the form of arcs of 


concentric cylinders, with their axes of~ 


curvature at the grooves on the sur- 
face, as indicated in Fig 4. However, 
where the ares approach junction with 
the undeformed matrix, their radii of 
curvature decrease progressively, with 
the centers of curvature for these de- 
creasing radii lying in the two sym- 
metrical boundaries of the kink band. 
The bending of the glide planes may be 
considered a special case of the “‘bend- 
gliding” studied by the early investiga- 
tors of crystal plasticity. 


KINK BAND BOUNDARIES 


The abrupt bends in the glide planes 
at the boundaries of a kink band, which 
are the loci of centers of the various 
radii of curvature mentioned above, 
mark out a pair of surfaces which are 
slightly but definitely curved and 
nearly normal to the axis of the wire at 
the convex side. The angle of abrupt 
bending at these boundaries is a 
maximum at the groove on the surface 
and decreases gradually across the 
specimen toward the convex side, 
corresponding to the changes in radii 
of curvature. 

To study the structure of a kink at 
the very earliest stage of its formation, 
a wire was coated with diluted Canada 
Balsam cement and dried for several 
days at room temperature. The coated 
specimen was then compressed in small 
increments and examined microscopi- 


cally after each increment until two 
small cracks were detected in the brittle 
cement coating. At this stage no 
macroscopic bend was measurable, but 
metallographic examination of the 
cross-section at the cracks revealed a 
single pair of boundaries, approxi- 
mately normal to the specimen axis, 
where abrupt bending through a slight 
angle occurred. The boundaries ex- 
tended entirely across the specimen 
with uniform (though slight) contrast, 
differing in this respect from the later 
stage of Fig 4, where contrast increases 
on approaching the grooves. The 
material between the boundaries ap- 
peared to be unbent, though slightly 
rotated. 

The abrupt boundaries of a simple 
kink are fixed in the earliest detectible 
stages of deformation and do not 
wander through the specimen as de- 
formation proceeds. 


SECONDARY BOUNDARIES AND 
RIDGES 


A number of complexities were 
noted. Additional faint boundaries of 
abrupt orientation changes were fre- 
quently detected. These boundaries 
occurred either as branches from the 
primary or other secondary boundaries, 
or as new and independent boundaries. 
Their low contrast indicated that their 
abrupt bend angles were small. 

Ridges like those shown in Fig 5 and 
sketched in Fig 6 often develop in the 
later stages. Goniometric measure- 
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FIG 6—Structure of complex kink of Fig 5. 


Numbers at the dots indicate the rotation of the glide 
from their original orientation (0°) parallel to the ro 


lanes 
axis. 


Abrupt bending of the glide planes occurs across the bound- 
aries shown as thin solid lines. Overlapping segments and 
varying orientations within a segment are seen. 


ments such as those recorded in Fig 6 
indicate that the ridges are at the 
boundaries of segments that are ro- 
tated in opposite direction, an amount 
that increases with the amount of de- 
formation. In one example, the bend at 
a boundary reached 110°. The ridges 
form on the curved surfaces of prior 
simple kink bands only after several of 
these have formed elsewhere along the 
specimen, and when the local stress 
conditions must have been greatly 
altered. They form on the side of the 
specimen where the compressive strain 
is the greatest. Branched, intersecting, 
and overlapping ridges are not un- 
common. The ridge and segment 
boundaries do not, in general, extend 
across the entire cross-section. 

Deformation twinning does not ap- 
pear to be involved in any manner in 
the sequence of events of kinking. 
While there were occasional twins pre- 
existing in some of the specimens, these 
did not appear either to initiate or to 
inhibit kinking. Orientation measure- 
ments in the segments at the ridges 
indicate that these are not twins; the 
directions of their boundaries are in- 
compatible with twinning, as is also the 
fact that the ridge angle becomes 
gradually more acute with continued 
deformation. 
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Discussion of Results 


The characteristics of kink bands in 
zinc (and we believe in cadmium also) 
allow them to be classified as a special 
form of deformation bands. Deforma- 
tion bands are lamellar regions in crys- 
tals and polycrystalline grains within 
which there has been reorientation by 
rotation as a result of slip, the amount 
of rotation increasing gradually with 
increasing strain. There are abrupt 
changes in orientation at the bound- 
aries of deformation bands, and fre- 


quently there is also bending (bend- 
gliding) within the bands. While de- 
formation bands have apparently not 
been reported previously in zinc, they 
are a common mechanism of deforma- 
tion in many cubic metals,’ and no 
principle is known that would indicate 
that they should not occur in zinc, cad- 
mium, or other hexagonal crystals pro- 
vided the applied stress does not first 
cause twinning. Since compressive 
stress directed along the basal plane is 
required for kink bands, they can be 
expected only in those crystals that are 
not subject to twinning from this type 
of stressing, hence only in hexagonal 
metals or alloys having an axial ratio 
c/a greater than 1.732. 

Actually, nearly analogous struc- 
tures have been reported by R. F. 
Miller?:4 near the grips in zinc single 
crystals elongated in tension. Miller 
identified a ‘‘bend-plane’”’—the locus 
of abrupt bend angles in the basal 
plane—and showed that it was non- 
crystallographic and that its orienta- 
tion was dependent upon the amount 
of deformation. However, he described 
the phenomenon as a new type of twin- 
ning, and failed to recognize the struc- 
tures as deformation bands. 

Orowan’s suggestion! that a new 
mechanism of deformation is involved 
in the formation of kink bands seems 
unnecessary, at least in zinc, since the 
structure and formation of the bands 
can be accounted for by the accepted 
mechanisms of slip and bend-gliding 
that operate in forming deformation 
bands. Contrary to Orowan’s conclu- 
sions regarding kinking in cadmium, 
the glide planes do not snap over sud- 
denly to the kinked orientation, nor is 
there a ““k plane”! extending from the 
grooves to the center of the wire over 
which there is a constant bend angle 
equal to the bend angle at the groove. 


B Cc 


q 2 vis FIG 7—Formation of a kink by dislocations. 
Each dislocation is marked eS T with the one plane of atom indicated by the stem of the T. 


Successive stages are shown in 


awings A, B and C. 
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However, we are in agreement with 
Orowan’s suggestion that there are dis- 
locations concentrated in the bound- 
aries, and we develop in the following 
section a detailed qualitative theory 
of the bands based on the formation 
and movement of pairs of dislocations. 

The fact that there is an axis of rota- 
tion lying in the glide plane of zinc and 
parallel to the boundaries of the band, 
suggests that rotation axes may be 
similarly oriented in deformation bands 
of other metals, but observations on 
this point seem to be lacking. The rota- 
tion axis should be crystallographic and 
lie in the glide plane normal to the 
glide direction when a single slip sys- 
tem operates, but could well have 
irrational indices if two glide systems 
are active. A single slip system appears 
to be active in zinc during the initial 
stage of kinking, because the rotation 
axis [0110] is exactly that predicted for 
such behavior. 

In a crystal oriented with the glide 
direction parallel to the axis of com- 
pression, the rotation is such as to keep 
the maximum resolved shear stress 
in the glide plane continually parallel 
to the glide direction. Wandering of 
the maximum resolved shear stress di- 
rection occurs, however, in less sym- 
metrically oriented crystals and may 
ultimately induce glide in a second 
glide direction, with a corresponding 
change in the axis of bending of the 
glide planes. If two glide directions are 
at equal angles to the axis of compres- 
sion initially, they would be expected 
to remain so throughout, and bending 
would then be around [1210]. Such be- 
havior was confirmed experimentally 
in most specimens of this orientation; 
however, a few did exhibit less sym- 
metrical rotation and had axes with 
irrational indices. In these exceptional 
cases the behavior was not consistent 
throughout the region of a single kink, 


suggesting that defects are possible in 
a glide plane which do not affect all 
slip directions equally. 


A DISLOCATION THEORY OF KINK 
BANDS 


The development of a kink band can 
readily be described in terms of dis- 
locations. Initial plastic flow in these 
specially oriented zinc crystals appears 
to be confined to the volume of the 
kink band and does not extend to the 
ends of the specimen. From this and 
considerations discussed below we 
conclude that flow begins by the gen- 
eration, within the volume that is to 
become the band, of pairs of disloca- 
tions of opposite sign, the positive and 
negative dislocations collecting, re- 
spectively, in two parallel planes that 
are nearly perpendicular to the glide 
planes. 

The generation of such pairs of dis- 
locations may be expected from con- 
sideration of the elastic distortions 
produced in slender rods by compres- 


sive loading. According to the theory of 


elasticity,®> an isotropic slender rod 
with fixed ends buckles in the shape of 
one full period of a cosine function, the 
ends being tangent to the wave at suc- 
cessive crests. If the anisotropic zinc 
crystals of the present experiments are 
assumed to buckle elastically in similar 
cosine shape, then this distortion 
produces a shear stress along all the 
basal planes, the magnitude of which 
is a sine function of position along the 
rod length and is proportional to the 
amplitude of the cosine flexure. Shear 
stress maxima consequently occur at 
the points of inflection of the cosine 
flexure, the quarter-length locations. 
Further decrease of the distance be- 
tween the compression plates increases 
the amplitude of the cosine flexure, and 
hence increases the shear stresses. At 


FIG 8—Tensile strain by the separation of like planar 
arrays of dislocations. 
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FIG 9—Formation of a ridge by dislocations. 


some critical shear stress a pair of dis- 
locations of opposite signs might be 
generated, either as linear dislocations, 
or more probably as screw dislocations 
spreading out from some point, possi- 
bly at the surface, and becoming a pair 
of linear dislocations. Since the critical 
shear stress is attained on all planes 
simultaneously but is localized to a 
short length of area on each, its relief 
must entail the generation of pairs of 
dislocations on many separate planes 
approximately evenly spaced over the 
cross-section rather than the genera- 
tion of an equal number of pairs on one, 
or only a few, planes. We conclude 
that the positive and negative disloca- 
tions must collect, respectively, into 
planar arrays because, if they did not, 
there would be additional local stresses 
set up around them that would increase 
the strain energy of the structure. 

The result of such a pair of planar 
arrays of dislocations of opposite signs 
is a slight bend of the glide planes at 
one of the planes of dislocations and an 
equal reverse bend at the opposite 
plane of dislocations. This bend -is 
illustrated in Fig 7a for the simplest 
case where a slip direction is initially 
parallel to the rod axis. Each plane of 
dislocations bisects the angle between 
the glide planes on the two sides of it 
because, if it did not, the interplanar 
spacings of the glide planes could not 
be equal on both sides of the bend 
angle, and hence the strain energy of 
the configuration would be increased. 
Because the symmetrically oriented 
planar array is a configuration of 
minimum strain energy for a given 
bend angle, individual dislocations that 
depart from it will be forced back into 
it. Strain energy considerations also 
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lead to the conclusion that dislocations 
are approximately evenly spaced over 
these planes, from one side of the wire 
across to the other side, because if this 
were not so some portions of the crys- 
tal would be bent more than others 
and an additional strain energy would 
be introduced. Local lattice imperfec- 
tions and stress raisers might distort 
the regular array of dislocations on a 
local (atomic) scale, but on the average 
there should be a remarkably uniform 
distribution over the planes. 

The planes of dislocations are forced 
apart by the applied stress and thereby 
shorten the distance between the com- 
pression plates. The possibility of de- 
formation by the movement of such 
arrays of dislocations has previously 
been proposed by Bragg.® For the case 
sketched in Fig 7a the shortening is 
given by the formula s(1 — cos a) 
where s is the distance between the 
planes of dislocations, and a is the bend 
angle at each. This angle is proportional 
to the number of dislocations in the 
arrays. 

The planes of dislocations move 
apart until they are stopped by some 
agency, discussed below, where they 
become the permanent boundaries of 
the kink band. Further compressive 
strain occurs not by increasing the 
spacing between the boundaries but by 
increasing the rotation, that is, by 
generating new pairs of dislocations. 
Since the glide planes within the band 
are now rotated to a position where 
they have a higher resolved shear stress 
- than the glide planes in the matrix out- 
side of the band, the new pairs will be 
generated within the band. 

The new dislocations array them- 
selves on a new pair of planes, the 
position of minimum energy for them. 
These planes begin to separate as the 
first pair did, and continue until they 
encounter the first set, as illustrated in 
Fig 7b. Since each of the second pair of 
planes bisects the glide planes on each 
side of it, and since the second pair is 
generated in glide planes that have 
already been reoriented by the first 
pair, it follows that the second pair 
will be tilted with respect to the first 
pair in the manner illustrated (in an 
exaggerated way) in the sketch, and 
the first contact of the second pair with 
the first pair will be at the grooves. As 
successive pairs are generated (Fig 7c), 
the bend angle at the groove will 
steadily increase. If each pair has 
about the same number of dislocations 
in it, the result of many successive 
pairs of planes will be a bending of the 
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glide planes into concentric cylinders 
with the axis of the cylinders centered 
at the grooves. 

However, if the movement of all suc- 
cessive planes of dislocations were 
stopped by initial contact with the first 
planes as sketched in Fig 7b, there 
would be no visible grooves extending 
nearly half-way around the rod circum- 
ference such as is observed experi- 
mentally. Instead it appears that the 
movement of the second pair of dis- 
location planes is not stopped imme- 
diately by contact with the first pair 
at. the groove locations, but is merged 
with the first set over part of its area, 
increasing the uniform bend angle over 
the coalesced area and producing bend- 
ing elsewhere as sketched in Fig 7c. 
Then if succeeding pairs contact the 
boundary set along progressively de- 
creasing areas following their en- 
counters at the grooves, the final 
pattern of dislocations will yield the 
orientations sketched in Fig 4. The 
boundaries will be slightly curved, as 
indicated in Fig 4 and 7c, and the mini- 
mum strain energy argument would 
suggest that the boundaries be curved 
so as to bisect the abrupt bend angle 
of the glide planes at all points. 

Reasoning from the minimum strain 
energy argument, we would expect 
complete merging of two arrays of dis- 
locations that have contacted each 
other at a point, because near the con- 
tact region there would be local dis- 
tortions on an atomic scale from the 
close approach of the arrays that would 
not be required for a coalesced array, 
so that progressive merger should ulti- 
mately produce the minimum strain 
energy configuration. Accordingly, the 
failure to merge completely indicates 
an opposing tendency in the convex 
regions of the kinks, the probable 
nature of which is indicated in the 
sketches of Fig 8. From these it is evi- 
dent that if a volume of crystal con- 
taining two arrays of like sign is 
subjected to tensile stress, then mini- 
mum strain energy obtains when the 
arrays have moved as far apart as 
possible; hence we conclude that the 
convex regions are under slight ten- 
sile stress. High tensile stress should 
produce twinning, which was never 
observed. 

The formation of kinks at the L/4 
point of the rod length has already 
been shown to be a consequence of the 
points of inflection of the initial cosine 
flexure of the rods, for the case of 
rigidly fixed ends. The L/3 location can 
result from the slightly different case 


where one end is rigidly fixed while the 
other end is merely constrained to 
axial alignment but remains free to 
rotate, since in this case the flexure 
shape® has a point of inflexion at L/3. _ 
As the single crystal nature of our 
specimens precluded the possibility of 
forcing the specimen ends into the 
aligning holes so as to secure really 
rigid mounting, it is quite possible that 
the slight rotations needed to permit 
the second type of buckling occurred 
frequently. When both ends of the rod 
are free to rotate, the flexure shape 
corresponds to 1% period of a sine func- 
tion and has no points of inflexion; 
hence, kinking should not occur, as was 
confirmed experimentally. 

The grip-end kink locations require 
a different explanation. We shall con- 
sider, for the moment, the initial stage 
of kink generation shown in Fig 7a 
when a single pair of planar arrays of 
dislocations of opposite signs have 
formed at either the L/4 or L/3 loca- 
tions and have moved apart the dis- 
tance s. This movement has displaced 
the axis in the matrix just above the 
upper array from the axis just below 
the lower array, and since the rod ends 
are still axially aligned, these matrix 
segments must be resisting bending 
moments tending to curve them in op- 
posite directions. Minimum = strain 
energy requires that the respective 
radii of curvature be equal. Let us now 
assume that the pair of arrays may 
move as a unit along the rod keeping 
their separation s unchanged, and in- 
quire whether there exists any more 
favorable location of lower strain 
energy. It can be shown that the strain 
energy is a maximum for the paired 
array at L/2 and that the energy de- 
creases continuously as the paired 
array moves toward L = 0 or 1, so 
that, if such migration be possible, the 
kinks would always be expected to 
have migrated to the grip-ends long 
before they attained even micro- 
scopically observable size or shape. We 
conclude, therefore, that the kinks ob- 
served at L/4 and L/3 positions have 
been prevented from migrating from 
their points of origin by the surface 
defects observed, almost without ex- 
ception, at both kink boundaries in 
such specimens, while the end-locations 
occurred only in specimens so nearly 
perfect that migration of the ar- 
rays through the crystal lattice is 
unimpeded. ; 

In the defect-containing specimens, 
the kink lengths are certainly deter- 
mined when the migration of the first 
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pair of arrays is stopped at the nearest 
defects. In the other specimens where 
the movement of the planes of disloca- 
tions is apparently unhindered, the 
formula s(1 — cos a) suggests that the 
first pair of planes should separate 
without limit, to the full length of the 
specimen. However, we have already 
seen that the separation of the first 
pair of arrays creates a bending mo- 
ment in the rest of the wire, and ex- 
amination shows that the curvatures in 
these elastically bent sections produce 
strain gradients across the glide planes 
of such nature that they must oppose 
the advance of the separating pair of 
arrays. For example, if the dislocations 
of the upper array in Fig 7a have their 
extra plane of atoms on the left side of 
the glide planes, then in the neighbor- 
hood of each dislocation the atoms at 
the left side of the glide plane are com- 
pressed because of the extra plane of 
atoms, and similarly the atoms at the 
right are under tensile strain. But the 
‘rod section ahead of the advancing 
array is elastically bent with radius of 
curvature to the left, so that the atoms 
to the left of the glide planes are al- 
ready compressed with respect to those 
at the right, and hence would resist the 
introduction of dislocations of similar 
strain gradient. At sufficiently great 
curvatures the opposing force may 
reach such magnitude that it becomes 
easier to generate a-new pair of arrays 
within the undistorted parallelogram 
than for the first pair of arrays to 
separate further. Then the first pair 
would stop separating and fix the ulti- 
mate kink length. Under such condi- 
tions the kink length would become a 
function of the specimen length, as our 
experiments have suggested, for pre- 
sumably the critical bucking moment 
would correspond to a definite radius of 
curvature. 

The above theory accounts for the 
observed locations of the kink bands 
and for their lengths. It accounts for 
the fact that in simple kink bands the 
arcs formed by the bent glide planes 
always occur in symmetrical pairs, with 
the arcs at the two convex sides of a 
band being equal in length; that the 
grooves always occur in symmetrical 
pairs with bend angles equal to each 
other; that the bend angles at the 
grooves depend upon the lengths of 
the arcs; that the glide planes at band 
boundaries may be bent through pro- 
gressively greater angles the nearer 
they lie to the grooves. In simple kink 
bands in zinc these features are all 
observed. 
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The planes of dislocations of each 
successive pair are parallel. The mate- 
rial between them is rotated from its 
original orientation but remains un- 
bent (or nearly so). On the longitudinal 
cross-section, with slight or inter- 
mediate amounts of compressive strain, 
there will be a parallelogram within 
which there is negligible bending. Two 
diagonally opposite corners of the 
parallelogram will be located at the 
grooves at the surface (Fig 4) and the 
upper and lower sides of the parallelo- 
gram will be parallel because there are 
equal numbers of positive and negative 
dislocations on the two sides; hence 
they will be at equal angles to the glide 
planes between them. With increasing 
strain, the parallelogram rotates and 
narrows, becoming finally a line con- 
necting the two grooves, after which 
no unbent material remains. At all 
places where glide has occurred it is 
possible, of course, that faults in stack- 
ing of the glide planes are left. 

When a single kink band forms, it 
creates a bending moment on the rest 
of the rod. There is a tendency for this 
bending moment to be relieved by the 
generation of one or more kinks of re- 
versed tilt elsewhere in the wire. When 
pairs of reverse kinks form, the axes of 
bending of the glide planes are ini- 
tially always the same crystallographic 
direction and are parallel in the two; 
this has been observed in a-red with as 
many as four pairs. 

To account for secondary boundaries 
in kink bands, one assumes that succes- 
sive planar arrays of dislocations may 
be forced to contact and coalesce over 
part of their areas at places other than 
the grooves. Secondary boundaries 
would be expected when stress condi- 
tions change suddenly during the 
straining of a specimen, for example, 
when a new kink band starts to form 
and introduces a bending moment not 
previously present. Some secondary 
boundaries may result, also, from 
planes of dislocations that are stopped 
at places other than the grooves. This, 
too, may be a result of local imperfec- 
tion or changed stress conditions that 
give a plane of dislocations power to 
penetrate otherwise insurmountable 
barriers, or on the other hand, that 
stop its migration prematurely. Change 
in rotation axis due to the onset of 
duplex slip could also be a factor. 

Ridges are understandable as the 
result of planes of like dislocations 
being forced together, as sketched in 
Fig 9. Suppose double pairs of disloca- 
tions are generated, approximately 


simultaneously, with the positive dis- 
locations collecting in planes that are 
closer to each other than the negative 
dislocations. As progressive straining 
forces the positive planes together they 
come to rest at a, plane boundary that 
extends out to a ridge on the surface. 
The negative dislocations, meanwhile, 
form the opposite boundary of the seg- 
ment. Thus, a ridge is located on the 
boundary between two crystal seg- 
ments within which the lattice has 
rotated in opposite directions about an 
axis lying both in the plane of the 
boundary and in the glide plane. Dur- 
ing the initial stages of ridge formation 
while only a single glide system oper- 
ates, the rotation axis is_ crystallo- 
graphically identical to that operating 
during simple kinking; therefore, the 
ridges are parallel to the kink grooves. 
When duplex slip conditions are at- 
tained, the rotation axis is altered and 
the ridge directions become irrational. 
There is no requirement here that 
ridges occur in pairs on opposite sides 
of a kink band, as grooves do, and this 
is in accord with observation. But there 
is the requirement that associated with 
a positive boundary at a ridge there be 
a negative boundary on each side of a 
rotated segment, as is, indeed, observed. 

It is perhaps surprising that elasti- 
city theory based on the assumption of 
isotropic medium should hold so well 
for the present anisotropic crystals. It 
appears that the chief effect of the 
anisotropy is to reduce the slenderness 
ratio at which buckling becomes the 
mode of failure, for kinking was found 
to occur even at a slenderness ratio of 
1:1. This fact suggests that deforma- 
tion bands in general may be the result 
of buckling, for a slenderness ratio of 
1:1 would correspond to equiaxed 
grains. 


Summary 


1. The formation of kink bands dur- 
ing the compression of single crystal 
rods of zinc occurs by a progressive 
rotation of the lattice within the band 
as deformation proceeds, rather than 
by a twin-like abrupt shear to a final 
orientation. Rotations from a few de- 
grees to over 80° have been measured. 

2. The width of a simple kink band 
is fixed by the grooves that form ini- 
tially on the surface; the bands do not 
grow wider with increasing deformation 
as deformation twins do in zinc. 

3. These characteristics indicate that 
kink bands are properly considered as 
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deformation bands resulting from the 
ordinary crystal slip process, not as a 
new mechanism of deformation. 

4. In a simple kink the angle of bend 
of the glide planes at a boundary 
changes gradually from a maximum at 
the concave side to a minimum on the 
convex side. Each boundary is ini- 
tially a surface containing the direction 
in the glide plane that is normal to the 
active glide direction. After severe 
bending deviations can occur. 

5. Complex behavior is often noted: 
(1) secondary boundaries may radiate 
out at various angles from points on 
the original boundaries, and (2) sharp 
ridges may form in areas subjected to 
compression. The ridges lie on the 
boundary between two segments that 
have rotated in different directions. 
These complexities are not incom- 
patible with the proposal that kink 


bands are special cases of deformation 
bands. 

6. Kink band formation is accounted 
for by assuming that pairs of disloca- 
tions are generated between the bound- 
aries by buckling flexures, the positive 
dislocations aligning themselves in a 
plane and the negatives in another 
plane (a configuration of minimum 
strain energy). These planes then move 
apart until stopped by defects or by 
opposing stresses in the adjoining seg- 
ments of the rod. Successive planes of 
dislocations follow similar paths and 
build up continuously increasing angles 
of bend. 

7. Ridges are accounted for by 
double pairs of dislocations, with posi- 
tive dislocations coming together in a 
plane that extends out to the ridge on 
the surface, and the corresponding 
negative dislocations migrating to the 


opposite boundaries of two oppositely 
rotated crystal segments. 
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Analysis of Interstitial Diffusion 
Using Activity Methods 
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Thermodynamic activity rather than 
chemical composition is basic to the 
analysis of diffusion. This is the essen- 
tial conclusion reached by Darken!-3 
and by Birchenall and Mehl.‘ If so, it is 
reasonable to expect that diffusion 
calculations should be carried out using 
activities. This paper will illustrate a 
method of employing activities in 
analyzing interstitial diffusion. 

For interstitial diffusion (of carbon 
in iron and probably generally) the dif- 
fusion of the solvent atoms, volume 
changes, and other such complexities 
not explicitly provided for in the usual 
diffusion equations cause a negligible 
error of the order of 1 pct. Therefore 
it is relatively easy to test the validity 
of an analysis based on activities in the 
instance of interstitial diffusion. The 
mathematical treatment of the more 
complex substitutional diffusion could 
be simplified once the adequacy of the 
activity method had been established 
for substitutional diffusion. Thus the 
present work has the purpose not only 
of providing a superior analysis of inter- 
stitial diffusion but also of indicating 
a possible approach to the more im- 
portant question of an adequate treat- 
ment of substitutional diffusion. 


Development of the 
Diffusion Equation 


Although activities are convenient 
quantities to determine experimentally, 
they are derived from the more funda- 
mental fugacities.? Possible confusion 
in using activities can be avoided by 
basing equations involving their use on 
the relationship, 


dP = — DL dt [1] 
where, dP = the number of grams of 
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solute crossing one cm? in 
the time dt sec. 

D; = the diffusion constant for 
use with fugacities; it is 
assumed to be constant at 
a given temperature, and 
has units of secs. 

f = the fugacity of the solute 
in the solid solution; the 
units are those of pres- 
sure, dynes per cm?. 

x = the distance in cm. 

Eq 1 can be considered to be the basic 
form of the first Fick Law for one- 
dimensional diffusion. 

In order to convert Eq 1 into an 
equation involving activities, a choice 
of a standard or reference fugacity, f°, 
must be made; then, 


a=% 2] 


where a is the activity corresponding 
to the fugacity f. However, the value of 
a is also determined by the relation, 

= [3] 
where a is the activity coefficient and c 
is the concentration. For a given value 
of a (such as a = 1) it is evident that 
the units used for expressing concen- 
tration will affect the numerical value 
of a corresponding to a given amount of 
carbon dissolved in y-iron. Since 
weight per cent concentration is so 
widely used, this unit will be adopted 
as the standard in this paper. 


Cleveland Meeting, October 1949. 

TP 2604 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 


Manuscript received December 31, 
1948; revision received June 6, 1949. 


* Associate Professor of Metallurgy, 
Mechanical Engineering Department, 
North Carolina State College, Ra- 
leigh, N. C. 

1 References are at the end of the 
paper. 


SO oo Oe © OO FOO OmOnOmOr ©: OO © © OMONOLO. ©) © © 'O CLO 


When the value of f given by Eq 2 is 
substituted in Eq 1, the first Fick Law 
becomes, 


= — D,f° ax dt [4] 


Since D;f° is constant (at a given tem- 
perature), the second form of Fick’s 
Law can be obtained in the usual 
manner, 

Oc’ , 07a 

ap = DP a2 [5] 
where c’ is the concentration in g per 
cm’, In terms of weight per cent con- 
centration, c, Eq 5 becomes, 


dc 100 > 07a 
Aurea Dif? a5 [6] 


where p is the density of the solid solu- 
tion and will be assumed to be constant. 
In order to simplify Eq 6, it is necessary 
to consider the standard state, f°. 
Standard states are chosen for con- 
venience. There appears to be one 
especially convenient choice for the 
analysis of interstitial diffusion. If the 
activity coefficient, a, is set equal to 
unity at infinite dilution of the solute, 


100 
then — D,f,° is approximately equal 
p 


to the usual diffusion constant in dilute 
solutions. This is true since the activity, 
a, in Eq 6 can be replaced by the con- 
centration, c, with little error in an 
infinitely dilute solution.* 

Here f,° is the standard fugacity neces- 
sary to achieve this standard state. It 
is proposed that a diffusion constant 
Dag‘ be defined, 


D4! = spk D;f,° [7] 


where A is the metal whose diffusion is 

* The second derivative of a is equal to the 
second derivative of ¢ in dilute solution only if 
fe is zero. Although theory does not require this 
condition, in the systems C in Fe, and Zn in Cu, 
de is in fact found to be essentially zero. 


Metals Transactions, Vol. 185 . . . 607 


2g 
D 


WEIGHT % CARBON 


2! 
=) ={( =) =o al pe TO Ni) 3 5 ie 
MILLIMETERS FROM GRUBE INTERFACE 


FIG 1—Concentration-penetration curves plotted from the 
data of Wells and Mehl for the diffusion of carbon in iron at 


about 1000°C. 


being considered. For carbon diffusing 
in iron this diffusion constant is Dc}. 
Using the definition of a given 
above, Eq 6 can be written, 
0c 0a 
es lyst 
ot Ds Ox? [8] 
This equation would be in a more con- 
venient form for calculation if it were 
written in terms of a alone, rather than 


in terms of aandc. From Eq 3, 
1 ode 
0c ( ave =A) da (9] 
at a ot 


Therefore, Eq 8 becomes, 


CMS SOLS 


Gia eto. UO 
where Z represents the quantity 
a 
Z= Pa de [11] 
a da 


Since Z is a function of a (and therefore 
of concentration), D in Eq 10 is not a 
constant, and the exact solution of this 
equation involves the use of step-by- 
step methods. 


The Error-function 
Solution 


Fortunately there is an approximate 
method of applying Eq 10 to determine 
the value of Dc! corresponding to an 
experimental diffusion curve. The re- 
sult is found to agree closely with that 
given by the exact solution—well 
within experimental error. If the varia- 
tion of Z is neglected, and Z’ is taken 
as the value corresponding to the 
median of the range of activities in 
question, then Eq 10 can be solved in a 
convenient manner using the error- 
function solution. When the boundary 
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conditions are those corresponding to 
a semi-infinite solid, Eq 10 can be 
shown to have the solution,°® 


(a; — do) 
Oe gaat 


| 1 ef lew [12] 


where a = the activity corresponding 
to the carbon content at a 
distance x from the inter- 
face. 
dy) = the activity corresponding 
to the initial carbon content 
on one side of the interface. 
a, = the activity corresponding 
to the initial carbon content 
on the other side of the 
interface. 
erf = the Gauss error-function, 
values of which are given in 
numerous tables.§ 
D' =Z'D¢e 
Eq 12 can be used to analyze experi- 
mental diffusion data such as those ob- 
tained by Wells and Mehl’ to deter- 
mine the value of D’. Since Z’ is known, 
a value for Dc! can be obtained using 


the relation, 
/ 


D 
De! = 5, [13] 


Analysis of the Wells and 
Mehl Data 


The data obtained by Wells and 
Mehl’ for the diffusion of carbon in 
iron were analyzed using Eq 12 to 
determine D’ and Dc! at a number of 
temperatures. The activities of carbon 
in austenite (defined by Eq 3 and the 
choice of standard state) needed for 
this analysis were calculated from the 
activity data of R. P. Smith.’ Suitable 
interpolation and extrapolation from 
his data at 800° and 1000°C were 
required to cover the temperature 
range 800°-1100°C in the manner 
shown in Table 1. 

Fig 1 is a conventional plot in terms 
of weight per cent carbon and distance 
from the Grube interface* of tests Nos. 
9 and 10 of Wells and Mehl. These 
data can also be plotted in an analogous 
fashion in terms of activities. Using Eq 
12, a value of D’ can be calculated for 
each experimental point of such an 
activity-penetration plot. Results ob- 
tained for points near the ends of the 
plot are unreliable because of the effect 
of a small error in activity in greatly 
altering D’. The values of D’ obtained 
from the five central points of the 42.66 
hr data are listed in Table 2 together 
with the average. 

To convert this average value of D’ 
(which is that corresponding to the 
median activity, 0.642) to the activity 
diffusion constant Dc!, Eq 13 was used. 
In this instance Z’ has the value, 


a 
larga 
a da 
1.037 
~ 1 — (0.62) (0.262) 


Zi 


= 1.24 [14] 


and Dc! was determined to be. 


* The Grube interface is defined as the plane 
in the specimen at which the carbon concentration 
is 4(e1 + co); that is, where the carbon concen- 
tration has its median value. The activity inter- 
face is defined in terms of 14(a1 + ao). 


Table 1. . . Carbon Activities in Austenite for a Number of Temperatures 


: Temperature, °C 
Weight Per Cent 
Carbon 
800 927 1000 1197 

0 0 0 0 
OK 0.102 0.102 0.103 
(14 0.200 0.199 0.200 
0.3 0.294 0.298 0.295 0.297 
0.4 0.403 0.404 0.400 0.402 
0.5 0.517 0.510 0.506 0.513 
0.6 0.640 0.620 0.616 0.624 
0% 0.765 0.747 0.742 0.748 
0.8 0.902 0.875 0.869 0.877 
0.9 (0.88)1.015 1.015 1.007 1.015 
1,0 1.163 Lo153 1.163 
TT Pak 1.310 L328. 
De 1.487 1.476 

133 (1.27)1.610 1.652 

1.4 1.842 

Le: 2.050 (1.8)2.70 


Ee es ei Be at 
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cm? per sec [15] 
at 1001°C. 

Values of D’ can be used to calculate 
approximate penetration curves by 
means of Eq 12. Fig 2 shows the agree- 
ment between the data of Wells and 
Mehl’s test No. 9 (25.25 hr at 997°C) 
and the penetration curve calculated 
using the D’* of Table 2. Somewhat 
poorer agreement was found in using 
an analogous approximate method to 
calculate a carburizing curve in which 
the concentration range exceeded 1.3 
pet C.1° Exact calculations could be 
made using the determined value of 
Dc* and Eq 10. However, a step-by- 
step method of solution would then be 
employed. 

Calculations of Dc! at a number of 
temperatures were made using suitable 
sets of data obtained by Wells and 
Mehl. The results are summarized in 
Table 3. Since it is to be expected that 
the Dc! values will be approximately 
equal to the usual diffusion constant 
determined at low carbon contents, the 
latter values reported by Wells and 
Mehl for 0.1 pet C are included in the 
table. 


: 1 
A plot of De! vs. Vi is shown in Fig 3. 


The 1102°C point does not fall on the 
straight line connecting the above 
three points, possibly because of error 
in extrapolating the activity data. 
Assuming that the variation of the 
diffusion constant with temperature 
can be written,°® 
Q 


Dc! = Ae BT [16] 


the straight line of Fig 3 can be ana- 
lyzed to give the results, 


[17] 
[18] 


A = 0.17 cm? per sec 
Q = 33,800 cal per mol 


This Q value is practically the same as 
that found by Wells and Mehl for 0 pct 
C, 33,300. 


Discussion of Results 


The advantage of the use of activi- 
ties in diffusion analysis is that a dif- 
fusion constant independent of the con- 
centration of the diffusing element is 
obtained. Not only is this fact useful 
mathematically, but it is also of great 
potential value in the fundamental 
understanding of metal behavior in- 
volving diffusion. However, it is neces- 


* The D’ value was corrected for the 4°C 
difference in temperature of the two tests. 


SEPTEMBER 1949 


° 
Bey 


—— ERROR-FUNCTION PENETRATION CURV 


| o 


WELLS AND MEHL DATA 


CARBON ACTIVITY 
je) 
Ow 


° 
to 
| 


| 


— 
{Seg = se 
M 


=| 
LLIMETERS FROM ACTIVITY INTERFACE 


Oo | 3 5 ig 9 


FIG 2—Comparison of the experimental data with the calcu- 
lated activity-penetration curve for carbon diffusing in iron 


at 997°C for 25.25 hr. 


sary to examine more closely the signi- 
ficance of the multiplicity of permissi- 
ble activity diffusion constants. 

At a given temperature, T, where 
D; is constant, Eq 7 shows that the 
ratio of the activity diffusion constants 
referred to the two different standard 
fugacities f,° and f.°, is, 


bee fe 


VeRO LO. 19 
Djfr? fe 19] 

But since for a given fugacity, 
f= afr = afr [20] 


the ratio is also equal to a2/a,;. Simi- 
larly, at a different temperature, T’, 


LE ead eS 5h 
D fie ! 


However, since the ratio a:/a,, will not 
in general be equal to a2’/ay’, it follows 
that the various activity diffusion con- 
stants will not vary in the same ratio 
with temperature; that is, the activa- 
tion energies for the various activity 
diffusion constants will be different. 
At first thought this circumstance 
appears to destroy the usefulness of 
activity diffusion constants, since the 
activation energy is a quantity of con- 
siderable fundamental significance. Fur- 
ther consideration shows the situation 
to be quite otherwise. Certainly the 
activation energy of metal A diffusing 
in a solid solution would be expected to 
depend on the concentration of A 
atoms in the solid solution. Specifically, 
different values would be expected in a 
dilute solution (almost pure metal B) 
than in a concentrated solution (al- 
most pure metal A). It appears reason- 
able that the Q value determined in a 


Table 2... Values of the Activity 
Diffusion Constant, D’, Determined 
from the 42.66 Hr Test at 1001°C 


. Distance 
Bil os Carbon rom D’ cm? per 
CGarbou Activity Interface, sec, X 10% 
mm 

0.895 1.004 —2.78 3.89 

0.783 0.840 —1.26 29h 

0.587 0.602 +0,27 2.83 

0.397 0.394 +1.80 3.71 

0.208 0.205 +3.33 oes 

Average anak 


Table 3. . . Dc! Data for a Number 


of Temperatures 


Usual 

Diffu- 

Wells sion 

and Con- 

Temp.| Mehl D’ zy Da stant 

°C Test x 107 X 107 | Value 
Num- for 
ber 0.1 

pet C7 

x 107 

800 13 0.274 | 1.23%) 07222 

925 19 1.41 eos ee ipa 
1001 10 Sod 1.24 | 2.67 26 
1102 24 Th th 1.17) | 9550 (aed 


given instance is that characteristic of 
the standard state being used. For 
example, the Q obtained by plotting 
D¢' data applies to the diffusion of car- 
bon in infinitely dilute solution in 
y-iron. 

Since diffusion constant values ap- 
plicable for different standard states 
are in inverse ratio to the corresponding 
activities, Eq 19 and 20, it is an easy 
matter to determine the diffusion con- 
stant, D‘, characteristic of the standard 
state in which a; = 1 when the con- 
centration is c;. Considering diffusion 
in a solution of concentration c;, 


D1 QA;C; i 
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FIG 3—The variation of Dc! with temper- 
ature. 


where a{c;| represents the value of the 
activity coefficient for use with dilute 
solutions evaluated at c;. Using Eq 22, 
activation energies of 33,700 and 
33,300 were calculated for 0.4 and 0.8 
pct C standard states by means of the 
Dc! values at 800° and 1001°C of 
Table 3 and the activity data of Table 
1. These are in qualitative agreement 
with the results obtained by Wells and 
Mehl. The Q value of 42,000 given by 
Birchenall and Mehl is of questionable 
theoretical significance since it was ob- 
tained using a different standard 
fugacity for each temperature. 

A matter that has caused some con- 
cern in previous attempts to analyze 
the diffusion of carbon in iron has been 
the “interface anomaly.” This term 
describes the fact that the respective 
interfaces on which the Grube and 
Matano solutions are based fail gen- 
erally to coincide. The question then 
arises as to which of these is the signi- 
ficant interface. 

There seems little doubt that the 
initial interface (in the Kirkendall 
sense) is the significant one. The cor- 
respondence of other interfaces with 
this one can be summarized as follows, 
assuming negligible density change: 

1. The Grube interface should coin- 
cide with the initial interface in perfect 
interstitial solid solutions. The solution 
of carbon in iron is not perfect, and an 
appreciable difference between the two 
interfaces is found. 

2. As a consequence of its definition, 
the Matano interface* must coincide 
with the initial interface during the 


*¥For interstitial diffusion the Matano inter- 
face definition is such that the carbon atoms 
gained by one side equal those lost by the other. 
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course of diffusion in interstitial solid 
solutions. 

3. The interface defined by the 
median activity (the Grube interface 
marks the median concentration) will 
coincide with the original interface 
when Z (Eq 10) is constant. In the 
Fe-C system the variation of Z is suffi- 
cient to cause absence of perfect 
coincidence. 

The relation between the usual dif- 
fusion constant, D*, and the activity 
diffusion constant, D4!, is easily de- 
rived by equating Eq 8 and the usual 
form of the second Fick Law; 


de _ pat _ @ (p.d0) 
je Da On Ox a Or Gan 
Integrating the second two terms gives, 


glenn py 02) 


ae ae [25] 


since the constant of integration must 
be zero. By analogy with Eq 9, Eq 25 
can be written, 

0c 0c 


1 eae pie sha 4 
Dai Z an D ce [26] 


or 


D* = 7D} [27] 


This equation is merely another form of 


the relation given by Birchenall and 
Mehl.4 


Summary 


1. The use of the fugacity concept 
has permitted a more satisfactory 
treatment of interstitial diffusion by 
activity methods. 

2. Of the multiplicity of possible ac- 


tivity diffusion constants, it has been 
proposed that D,!, corresponding ap- 
proximately to the usual diffusion con- 
stant in dilute solution, be adopted as 
standard for analysis of interstitial 
diffusion. 

3. An equation that permits the 
direct treatment of activities has been 
developed. A convenient approximate 
solution of this equation was used to 
analyze the data of Wells and Mehl to 
determine diffusion constant values. 
The results agreed well with those ob- 
tained by Wells and Mehl. 

4. It was suggested that there is an 
activation energy associated with each 
choice of standard fugacity. That 
found for Dc! (standard fugacity being 
that of an infinitely dilute solution) 
was 33,800, in good agreement with 
Wells and Mehl’s extrapolated value 
for 0 pet C. 

5. Further support for the view that 
the activity rather than the concen- 
tration is the basic factor in diffusion 
has been provided. Specifically, activ- 
ity diffusion constants independent of 
concentration have been developed 
for possible application to the analy- 
sis of the more complex substitutional 
diffusion. 
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The transformations in eutectoidal 
systems have been extensively studied 
as they occur in steels.! As a conse- 
quence of these studies the martensite, 
bainite and pearlite reactions found for 
most steels are widely recognized. 
Further, because of the work of Smith 
and Lindlief? and of Greninger and 
Troiano’ these reactions, except for the 
bainite reaction, are considered as typi- 
cal for all eutectoidal systems. 

The primary alloy studied by Smith 
and Lindlief? was a CuA1 alloy of near 
eutectoid composition as was the alloy 
more recently studied by Mack.‘ The 
transfermations in these alloys were, 
for the most part, studied metallo- 
graphically, while an X ray analysis of 
structures was essentially wanting. It 
has appeared desirable, therefore, to 
investigate selected CuAl alloys at and 
slightly away from eutectoid composi- 
tion. For this purpose three alloys were 
prepared containing 10.5, 11.9 and 13.5 
pet Al respectively. The results of a 
metallographic and X ray analysis of 
structures obtained for isothermal 
transformation of the G-phase are re- 
ported here for the 11.9 and 13.5 pct 
Al alloys. 


Introduction 


The phase equilibria in the CuAl al- 
loys of immediate concern are indicated 
in the equilibrium diagram section pre- 
sented in Fig 1.§ The equilibrium and 
transition structures which have been 
reported in this system are as follows: 


a = copper rich terminal phase 


(f.c.c.) 


8 = high temperature eutectoidal 
phase (b.c.c.) 
2 = aluminum-rich intermediate 


phase (y-brass structure) 
a’ = modified a-phase postulated 
by Bollenrath and Bungardt.”° 


§ Taken from Metals Handbook (1948). 
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FIG 1—Phase diagram for eutectoidal Cu-Al alloys. Metals 
Handbook—1 948. 


= ordered 6 (b.c.c.) 

= martensite structure: Al < 13 
pet (near h.c.p.) 

B”’ = B’ of Smith and Lindlief? 

martensite structure: Al > 

13.5 pet (h.c.p.); Bz of Bollen- 

rath and Bungardt.6 
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The eutectoid transformation can 
be suppressed at sufficiently high 
cooling velocities. The 8-phase is then 
retained to about 500°C where order- 
ing sets in. The ordering interval is not 
satisfactorily known but indirectly 
appears to be non-suppressible. Sub- 
sequent to the ordering reaction and 
consequently at lower temperatures, 
the ordered 6; decomposes to a marten- 
sitic structure. The kinetics of these 
reactions and in particular those of the 
martensite reaction have an important 
bearing on the results obtained in this 
investigation. Since some confusion 
exists concerning certain reported 
aspects of these reactions, they will 
be considered in some detail. 


THE MARTENSITE REACTION 


The martensitic structure is formed 
on cooling through a critical range® 
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FIG 2—The effect of composition on the sub-critical trans- 
formations in eutectoidal Cu-Al alloys. 


much as is martensite in steels.!?.3 The 
Ar” temperature for the CuAl alloys 
depends on the composition and de- 
creases with increasing aluminum con- 
tent. In certain composition ranges 
Ar” is cooling velocity dependent? 
although it is pointed out that this 
dependence on cooling velocity may 
be indirect. Thus the indicated yari- 
ation in Ar’ may result from a modifi- 
cation of the ordering reaction with 
cooling velocity. At a composition of 
14.5 pet Al the martensite range is 
entirely below room temperature but 
lies above —190°C.1° However, due to 
the reversibility of this reaction (6;— 
y') the martensitic structure is not 
retained at room temperature. 

The inverse martensite reaction, 
that is, the formation of 8, from the 
martensitic structure takes place on 
suitable heating of the martensitic 
structure. This reaction has been 
established by metallographic! dilato- 
metric? !> and X ray®:® analyses of the 
structures at temperature and _ lies 
above the martensite range on cooling. 
These data are summarized in Fig 2. 
The inverse martensite reaction is 
probably sensitive to heating velocity, 
but few data are available for con- 
sideration on this point. 


THE STRUCTURE OF THE CuAl 
MARTENSITES 


The microstructures of the CuAl 
martensites have been adequately 
described by Greninger.!' It is suffi- 
cient to point out that two structures 
B’ and y’ are separable on the basis of 
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metallographic differences. The stri- 
ations in y’ arise from twin formation 
while those in 8’ seemingly do not. 
The crystal structures of the marten- 
sites are close to hexagonal close 
packed. The departures from the close 
packed lattice, observed for the [’ 
structure, are notable at low aluminum 
contents. Thus while the lattice for 
y’ containing 13.5 pet Al is described 
as a hexagonal close packed structure, 
the lattice for B’ is described as differing 
from y’ in that the [00.1] direction is at 
an angle of 2° to the (00.1) plane 
normal, and the angle between the 
planes (10.0) and (01.0) differs about 
1° from 120°.13 Because of this depar- 
ture from the hexagonal close packed 
structure the X ray pattern for the 
6’ structure is markedly different 
from that for the y’ structure. This is 
very important as it affords an unam- 
biguous means of determining qualita- 
tively the compositions of the marten- 
sitic structures in partially transformed 
alloys without requiring the precision 
measurement of lattice constants. 


THE REACTION 6 — 86” 


The structure 8’’ as noted before was 
discovered by Smith and Lindlief? on 
the isothermal transformation of B 
for an eutectoidal alloy. Smith and 
Lindlief on the basis of limited X ray 
evidence have considered this struc- 
ture as being aluminum dilute appar- 
ently tending towards the composition 
of the a-phase. 

More recently Mack?‘ has considered 
this structure as being 6, or the 


ordered 8 structure and has defined 
its range of occurrence in an 11.9 pct 
Al alloy from about 525 to 93°C. On 
the basis of the discussion of the 
kinetics of martensite formation it is 
evident that the reasoning which led 
Mack to place the lower limit of the 
martensite range at 93°C is faulty. 

It is emphasized that 6’’ is not (1. 
A specimen of 11.9 pct Al alloy 
quenched from 950°C is an ordered 
structure but does not reveal the 
metallographic structure 6”. 


THE ISOTHERMAL TRANSFORMA- 
TION DIAGRAM FOR EUTECTOI- 
DAL CuAl ALLOYS 


Isothermal transformation diagrams 
in comparable eutectoidal alloys have 
been presented by Smith and Lindlief? 
and by Mack.* These diagrams are in 
good agreement except for the marten- 
site range which has been modified by 
Mack to conform with more recent 
knowledge about this reaction. Beyond 
this discrepancy both diagrams de- 
scribe a pearlite range and a 6” range 
which stand in good agreement where 
comparable. 

From the discussion of the inverse 
martensite reaction it appears that 
certain of Mack’s tempering data may 
require re-evaluation. 

The works of Smith and Lindlief 
and of Mack are the only ones in 
which the isothermal transformations 
in eutectoidal CuAl alloys have been 
reported in detail. 


Experimental Procedure 


MATERIALS 


The alloys for this investigation 
were prepared from high purity alumi- 
num and OFHC copper. Melting was 
carried out in a graphite crucible under 
graphite. The molten alloys were 
stirred several times and were then 
chill cast. The ingots were about 
44 X2X3 to 5 in. and were very 
coarse grained. These ingots were 
hot-rolled in part to 1g and %, in. 
thicknesses. 

The ingots were analyzed for copper 
by both chemical and electrolytic 
methods. The aluminum content was 
determined by difference. The results 
are presented in Table 1. 


ISOTHERMAL STUDIES 


Sliver specimens (142 X 12 X Lin.; 
4X 2X11 in.) were heated at 
950°C for 10 min. in a vertical tube 
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furnace in an atmosphere of purified 
nitrogen. The specimens were quenched 
into a small lead furnace at the desired 
temperature and after holding were 
quenched in a 10 pet aqueous solution 
of sodium hydroxide. The temperature 
of the quenching bath was con- 
trolled to +114°C. A lead-tin bath 
was used for the lowest transformation 
temperatures. 


METALLOGRAPHIC EXAMINATION 


The sliver specimens were polished 
in clamps with the final surface 


being obtained with magnesium oxide , 


(Shamva) on a selvyt cloth. The 
specimen was etched in a fresh 1:1 
solution of NH,OH and 3 pct H.Os.. 


X RAY EXAMINATION 


The metallographic specimens were 
polished and etched down to slivers 
about 164 in. diam. Debye-Scherrer 
diagrams using Cu-K, radiation (Ni 
filter) were obtained. Standard 6’ and 
y’ patterns were obtained on the 10.5, 
11.9, and 13.5 pet Al alloys as quenched 
from 950°C into the aqueous NaOH 
solution. Suitable a-and y». reference 
patterns were obtained on the iso- 
thermally transformed alloys. 


REPRESENTATION OF TEST 
RESULTS 


The data have been presented in 
the form of isothermal transformation 
diagrams. Suitable micrographs and 
X ray diffraction patterns have been 
presented. 


Experimental Results 


Because of the emphasis with which 
the alloy of eutectoid composition 
has been studied, it appeared desirable 
_to devote the major effort in this 
investigation to a study of the 13.5 pct 
Al alloy. The transformations in this 
alloy, therefore. will be considered 
first. oa 


THE 13.5 PCT Al ALLOY 
Metallographic Results 


The isothermal transformation dia- 
gram for this alloy is presented in 
Fig 3. There are certain striking 
features to this diagram. Firstly, the 
temperature of maximum transforma- 
tion rate for practical purposes coin- 
cides with the eutectoid temperature. 
Secondly, it has appeared necessary 
to make use of four transformation 
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FIG 3—The isothermal transformation diagram for a 13.5 pct 
Al-Cu alloy. 


Table 1... Analyses of the Alloys 


Pct Al by Pct Al by 

Alloy Electrodeposition | Chem. Analysis 
11.90 11.85 
is 12.00 11.86 
12.00 12.00 
13.60 13.40 
13.5 1352 13.43 
13.58 


lines to describe adequately the course 
of isothermal transformation, and 
thirdly, no pearlite reaction is indi- 
cated. These facts may best be appre- 
ciated from a consideration of the 
microstructures. 

In Fig 4 and 5 are presented the 
structures corresponding to beginning 
and end of the first reaction at 550°C 
as indicated by lines 1 and 2 on the 
isothermal transformation diagram. 
The precipitate structure is truly 
acicular and seemingly forms on the 
(100)g directions. The structures 
formed by this reaction are not stable 
structures and rapidly undergo altera- 
tion at this temperature. The alteration 
seemingly is a species of agglomeration 
and growth, which, as will be pointed 
out, is not a simple process. The third 
line on the diagram indicates the start 
of agglomeration while the fourth line 
indicates the time for completion of 
the precipitation-growth process. Fur- 
ther holding causes no apparent change 
in this final structure except for a 
marked coarsening. These final alter- 
ations are indicated in Fig 6 to 8. 
There has been no pearlite structure 
formed during the course of trans- 
formation. This is emphasized by a 


consideration of Fig 9 which re- 
veals the nearest approach to a 
pearlitic structure which has been 
observed in this alloy on isothermal 
transformation. 

The transformation sequence re- 
vealed in the above micrographs is 
typical except for minor variations 
for all structures formed below the 
eutectoid temperature. As is implied 
by the fourth line on the transforma- 
tion diagram, transformation above 
the eutectoid temperature differs in 
certain important respects. 

The structure existing at the end of 
the first reaction at 650°C is presented 
in Fig 10. The structure existing at 
the end of the second reaction is pre- 
sented in Fig 11. The final structure 
under polarized light is seen to have a 
matrix of an acicular nature, Fig 12. 
This sequence of structures emphasizes 
the role of the first reaction in leading 
to transitional structures which in turn 
lead to the formation of the final 
equilibrium structures. 

The initial and final structures are 
modified as a function of the trans- 
formation temperature but at all 
temperatures the structures arising 
from the first reaction are closely 
related microstructurally. 

At the highest temperatures studied 
the initial reaction did not lead to 
complete decomposition of the matrix, 
Fig 13. This is to be expected since 
presumably above the eutectoid tem- 
perature only a proeutectoid con- 
stituent should precipitate. The char- 
acter of the first reaction cannot be 
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FIG 4—13.5 pct Al-Cu specimen transformed at 550°C for 1 sec. X 250 
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FIG 5—13.5 pct Al-Cu specimen transformed at 550°C for 3 sec. X 250 
FIG 6—13.5 pct Al-Cu specimen transformed at 550°C for 32 min. xX 250 
FIG 7—13.5 pct Al-Cu specimen transformed at 550°C for 9 hr. X 250 
FIG 8—13.5 pct Al-Cu specimen transformed at 550°C for 1 week. X 250 
FIG 9—13.5 pct Al-Cu specimen transformed at 425°C for 24 hr. X 250 


elucidated on the basis of metallo- 
graphic evidence, however. 

As the transformation temperature is 
decreased the microstructures become 
finer, Fig 14 to 21. At temperatures in- 
creasingly lower than the eutectoid 
temperature the first reaction becomes 
increasingly sluggish. The times for the 
completion of the precipitation-growth 
reaction below the eutectoid tempera- 
ture develop a C-shaped curve which 
is comparable to that developed for the 
pearlite reaction in steels.16 The tem- 
perature for minimum reaction time 
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does not coincide with the analogous 
temperature for the first reaction but 
lies below the eutectoid temperature. 
From this it may be concluded that 
stable end structures arise as a conse- 
quence of the second reaction. 

These data may be summarized 
briefly before the X ray data are con- 
sidered. The metallographic data indi- 
cate that two reactions are encoun- 
tered on isothermal transformation in 
this alloy, one of which leads to meta- 
stable structures as indicated by its 
occurrence through the eutectoid tem- 


perature range. After completion of 
this reaction a second reaction sets in 
and leads to the complete modification 
of the microstructures with the ulti- 
mate formation of stable end products. 
Both reactions are represented by a 
combination of C-shaped curves and 
differ in that the eutectoid temperature 
affects the location of the stable struc- 
tures completion curve. 


X Ray Results 


Four different crystal structures, in- 
dicated by X ray analysis may be ob- 
tained together in the transformed spec- 
imens, namely those of a, 72, 6’, and 
7'. Positive evidence of 8; was not ob- 
tained for the 13.5 pct Al alloy. The 
diffraction patterns characteristic of 
these four crystal structures are pre- 
sented in Fig 22 to 25. The spotted lines 
in the pattern in Fig 23 arise from the 
¥2 lattice while the continuous lines 
arise from a. Many of the lines in the 
B’ and y’ patterns correspond closely to 
lines in the a and y2 patterns. Strong 
lines which are characteristic for the 
respective structures are indicated on 
the patterns. All diffraction patterns 
were checked for these strong lines. 
The presence or absence of the respec- 
tive lines was taken as indicating the 
presence or absence of the respective 
structures. 

The pattern for the 6’ structure was 
obtained from an 11.9 pct Al specimen 
quenched from 950°C into water + 10 
pet NaOH. From the presence of the 
weak lines at low 6 values it is evident 
that this structure is ordered. The y’ 
structure likewise is ordered. 

The results of the X ray analysis are 
summarized in Table 2. Important dif- 
fraction patterns of the structures re- 
ported in Table 2 are presented in Fig 
26 and 27. These data indicate the fol- 
lowing sequence of composition adjust- 
ment in the transforming specimens. 
Prior to the start of the first reaction, 
the structure as quenched is y’ with 
possible traces of 6’, Fig 25. Through 
the course of the first reaction the struc- 
ture in the quenched specimens be- 
comes a mixture of y’ and 6’, Fig 26. 
This structure exists at the times 
corresponding to completion of the first 
reaction which means that the y’ re- 
vealed is not matrix y’, or y’ which has 
been unaltered in composition. Rather 
because of the formation of large 
amounts of 6’ it is necessary that the 
y’ formed be very rich in aluminum. 
The y’ structure is next replaced by 2 
and the structure is v2 and 8’, Fig 27. 
For the fully transformed alloy the 


SEPTEMBER 1949. 


structure is a and 7», Fig 23. 

The first reaction leads to the forma- 
tion of structures in the as quenched 
specimens, which, it is known, cannot 
be formed at the temperature of iso- 
thermal holding. Since 8’ and y’ form 
from 8, (or 8) of characteristic com- 
position it is concluded that the struc- 
tures resulting from the first reaction 
prior to the quenching process consist 
of 8, of two compositions, namely, 6,+ 
which is aluminum rich and B,~ which 
is aluminum depleted. There are thus 
two 6, structures, one tending toward 
the composition of a, the other toward 
the composition of 72. It is emphasized 
that these structures have not pre- 
cipitated at temperature, rather the 
process throughout is a diffusion proc- 
ess alone. The 6,+ becomes enriched 
in aluminum to the point where it can 
precipitate as y2. The precipitation of 
2 at the expense of the aluminum con- 
tent of the 6:- continues to the point 
where a can precipitate. The final 
structure then being a and y>. This 
sequence of events is indicated as 
follows: 


ay + (a)  (isothermally) 
B NG 
= *y! (on cooling) 
a 
BN 
NS a-+(y2)  (sothermally) 
Bi 
‘ B’ (on cooling) 


The reactions on isothermal holding 
seemingly are not interdependent. It is 
assumed that the same is true for the 
reactions on cooling. 

The transformation sequence de- 
scribed here is in complete harmony 
with that for the transformation of 
austenite to bainite in steels.!6-18 The 
composition of the structures and the 
manner in which the necessary compo- 
sition adjustments are achieved in this 
CuAl alloy, however, are much more 
easily determined than is true for the 
steels. 


THE 11.9 PCT Al ALLOY 


Metallographic Results 


The transformation data for this 
alloy for stock thicknesses of 14 and 142 
in. are presented in the isothermal 
transformation diagram in Fig 29. 

This isothermal transformation dia- 
gram, above the martensite range, is in 
good agreement with those diagrams 
presented by Smith and Lindlief? and 
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FIG 10—13.5 pct Al-Cu specimen transformed at 650°C for 5 min. X 250 

FIG 11—13.5 pct Al-Cu specimen transformed at 650°C for 2 hr. X 250 

FIG 12—13.5 pct Al-Cu specimen transformed at 650°C for 2 hr. Polarized light. x 250 
FIG 13—13.5 pct Al-Cu specimen transformed at 700°C for 5 sec. X 1000 

FIG 14—13.5 pct Al-Cu specimen transformed at 600°C for 1 sec. X 250 

FIG 15—13.5 pct Al-Cu specimen transformed at 600°C for 1 sec. X 1000 


Mack.‘ The y,2 precipitate observed by 
Mack in the high temperature range of 
transformation is not observed for this 
alloy. The martensite range is pre- 
sented after the data of Gawranek 
et al.® 

In the intermediate range in which 
6" and a are formed it is interesting to 
note that some disagreement in the 
times for the 6’ and a@ reactions exists 
for the two materials. The increased 
working or possibly the reduced grain 
size of the 1%q in. thick alloy promotes 


more rapid transformation in the inter- 
mediate range. The results for the 4 
in. thick stock are in satisfactory agree- 
ment with the results of Smith and 
Lindlief, and with those of Mack where 
comparable. 

The metallographic data for the 
pearlite structures are interesting with 
respect to the pearlite spacing. It is 
generally accepted on the basis of 
pearlite spacings measurements on 
steels!9-23 that the pearlite structures 
become finer with decreasing tempera- 
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FIG 16—13.5 pct Al-Cu specimen transformed at 550°C for 1 sec. X 1000 


FIG 17—13.5 pct Al-Cu specimen transformed at 475°C for 8 sec. 1000 
FIG 18—13.5 pct Al-Cu specimen transformed at 425°C for 60 sec. X 1000 
FIG 19—13.5 pct Al-Cu specimen transformed at 375°C for 4 min. X 1000 
FIG 20—13.5 pct Al-Cu specimen transformed at 225°C for 24 hr. X 250 
FIG 21—13.5 pct Al-Cu specimen transformed at 225°C for 1 week. X 1000 


ture of formation. This is evidently not 
the case for the pearlite spacing in the 
CuAl alloy under investigation. For 
this alloy the pearlite spacing first de- 
creases with decreasing temperature of 
formation. After passing through a 
minimum value it next increases. Thus 
the functional relationship between 
pearlite spacing and temperature can- 
not have the same form for this alloy 
as it apparently has for steels.2% 28 

In a consideration of the relationship 
between pearlite spacing and tempera- 
ture it is pointed out that for steels the 
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pearlite structures are divided into the 
coarse lamellar types and into the 
rosette (lamellar) or trootitic types. 
The first named occur well above the 
nose of the “‘S”’ curve while the second 
occur at about the nose of the “‘S” 
curve. (It has been pointed out that 
pearlitic structures as yet inadequately 
defined occur below the nose of the 
“S”’ curve.!®18) As the temperature for 
pearlite formation decreases the inter- 
lamellar spacing decreases. This change 
in dimensions of the pearlite has been 
advanced as indicating a limiting car- 


bide nucleus size,2%?* and this carbide 
nucleation has been used to account 
for the pearlite reaction. By an exten- 
sion of this argument to conform to 
the requirements of the CuAl alloy 
investigated here, it would be expected 
that microstructural variations in the 
pearlitic structures would be analogous 
to those observed in steels. Such is not 
the case, however. Thus the coarse 
pearlites are replaced at lower tem- 
peratures by nodular pearlites—at 
about the “‘nose”’ of the C-curve—but 
these in turn give way at still lower 
temperatures to coarse lamellar pearl- 
ites, Fig 30 to 32. Thus the kinetics of 
pearlite formation in this alloy cannot 
be accounted for by simple comparison 
with the analogous reaction in steels. 


X Ray Results 


X ray data taken on specimens of the 
11.9 pct Al alloy transformed at several 
temperatures are presented in Table 3. 
The patterns taken for transformation 
in the intermediate range, that is, the 
range in which 8” and a@ are formed 
indicate that the reaction in this range 
is essentially the same as that en- 
countered in the 13.5 pet Al alloy for 
the first reaction. The major difference 
appears to be the change in the 
sequence in which the precipitate struc- 
tures appear on isothermal transforma- 
tion. Thus the structure ‘existing in 
specimens quenched before a precipi- 
tates is B’. The structure after longer 
holding is a + 6’ which, on further 
holding, is replaced by a mixed struc- 
ture of a, B’, and y’. The amount of 
y’ formed is relatively small as is indi- 
cated in Fig 28. The final structure is 
a+ ¥2. The 72 lines are very weak. 


Discussion of Experimental 
Results 


The pearlite reaction has been con- 
sidered as a reaction to be expected in 
general in the course of the subcritical 
decomposition of a high temperature 
eutectoidal phase. That this reaction 
is not generally obtained is indicated 
by the results presented here in the 
study of the 13.5 pct Al alloy. Results 
of a similar character have recently 
been reported by Hibbard et al24 and 
by Sheehan et al.?5 

In the CuAl] alloys it appears that the 
pearlite reaction cannot be obtained at 
aluminum contents ‘of 10.5 pct* and 
less or at 13.5 pet and greater. This is 


* Further work on this alloy is contemplated. 
Results to date indicate the absence of the 
pearlite reaction. 
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Fig 22-28—X ray Diffraction Patterns 


Fie 22—(d) Alloy 11.9 pct Al held 1 hour at 500°C 
Fie 23—(f) Alloy 13.5 pct Al held 3 hours at 525°C 
Fie 24—(a) Alloy 11.9 pct Al held.60 seconds at 500°C 
Fie 25—(c) Alloy 13.5 pct Al held 1 hour at 225°C 
Fic 26—(b) Alloy 13.5 pct Al held 48 hours at 225°C 
Fie 27—(g) Alloy 13.5 pct Al held 6 seconds at 500°C 
Fie 28—(e) Alloy 11.9 pct Al held 8 minutes at 450°C 


Bia 


at ¥2 


(Note: Standard patterns are indicated by underlines. Characteristic diffraction lines are indicated by vertical lines on the respective 


standard patterns.) 


not readily explainable on the basis of 
the current concepts of the pearlite 
reaction for seemingly about 50 pet of 
the B-phase in both the 10.5 and 13.5 
pet Al alloys should be available for 
pearlite formation. ; 

The preliminary reaction which is 
obtained in the 13.5 pct Al alloy on 
- isothermal holding seemingly is inti- 
mately related to the 6’ reaction in 
the 11.9 pct Al alloy. Thus for both 
alloys it appears that the diffusion of 
aluminum takes place prior to any 
crystal structure change in the matrix. 
If the alloy is cooled before the crystal 
structure change in the aluminum rich 
or depleted zones can take place, the 
crystal structure change is effected dur- 
ing the quenching cycle. The structure 
at room temperature then is a mar- 
tensitic structure, one made up of mar- 
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tensites of the various compositions of 
the transforming 6;. Further since the 
crystallography of these zones of alu- 
minum enriched and depleted £ is fully 
determined, the martensitic structures 
formed during the quenching cycle are 
restricted by this crystallography. 
Thus neither 9’ nor y’ have the orienta- 
tion habits determined by Greninger."! 
Since it is possible that the lattice re- 
lationships for the structures examined — 
here and those examined by Greninger 
are the same, there arises the possibility 
that the martensite transformation 
mechanism varies with pretreatment of 
the matrix. 

The first reaction in the 13.5 pct Al 
alloy and the 8” reaction in the 11.9 pet 
Al alloy are reactions which conform 
in all major details to the proposed 
bainite reaction’ in steels. In the 13.5 


pet Al alloy the 6; structure is modified 
by diffusion processes such that alumi- 
num enriched and depleted zones are 
set up. These regions become evident 
at room temperature under metallo- 
graphic examination, because of the 
different etching characteristics of the 
6’ and y’. 

After the 6,+ and 8,~ structures are 
formed, both decompose but evidently 
by more complicated processes than 
were observed for the bainite reaction 
in steels. This follows from the fact that 
the final structure is markedly different 
from the structure arising as a conse- 
quence of the first reaction. Thus if the 
¥2 (in the 13.5 pct Al alloy) were formed 
in the matrix by a shearing mechanism 
such as is postulated for the bainite 
reaction in steels, a supersaturated 2 
structure would be obtained and this 
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Table 2... . Structures by X ray Diffraction in Transformed Specimens of Alloy 13.5 Pct Al 


700°C 600°C 550°C 525°C 500°C 
Time Structure Time Structure Time Structure Time Structure Time Structure 
, , 
’ 2 u 1 sec + Bp’ 8 sec v2 + B’ + (y’) 5 sec [ec = oy 
ae Se 3 ae it ns br 32 min ES + p’ 16 sec y2 Z - 15 sec Biase AE 
650°C 10 sec Apel 9 hr at+y ee min a ‘i y2 + (B’) a Bee is 5 a “i a3 
b ; , : ‘ 5 , : 72 
aes eae “ppetlaraloas aie pipe Nie be meee 120 see | a +72 
8 min B’ + v2 48 hr yo + Bp’ ees rie 
1 hr B’ + y2 + (a) 
6 hr a+y¥ye2 
475°C 450°C 425°C BiG; 225°C 
Time Structure Time Structure Time Structure Time Structure Time Structure 
= , 
2 2 5 sec yy! 4 min y’ + (8’) lhr ¥ 
oo phe asaco | y+ 3min | p+ 72 thr | Bt yet (7) | 24br | x + 6) 
60 sec y2 + B’ + (y’) 1 br Bo +y 26 hr y2 + p’ 48 br p’ + ¥ eon 
2 min yo+ B’ + (7’) 12 hr B’+y2 187 hr yo + B 1 wk Bi + y2 (y 
5 min B’ + y2 60 hr a+ y¥y2 
10 min B’+y2 148 hr a+ ye 
16 min B’ + y2 
40 min Bo + xy: 
lhr ‘ow 
4.5 hr B’ + y2 + (ae) 
17 hr a+ ye 
36 hr a+ty2 


TEMPERATURE -— °C 


TIME IN. SECONDS 


FIG 29—The isothermal transformation diagram for an 11.9 pct Al-Cu alloy. 
Curve 1. & precipitation at grain boundaries. 142 in. stock. 
Curve 2. @ precipitation at grain boundaries. 1% in. stock. 
Curve 3. @ precipitation in grains. 4 in. stock. 
Curve 4. « precipitation in grains. 42 in. stock. 
Curve 5. Beginning of pearlite reaction. 
Curve 6. End of pearlite reaction. 
4 Beginning of 8” precipitation. 


could be expected to decompose pre- forms at selected sites in the lattice and 
cipitating a. This apparently does not grows at the expense of the aluminum 
take place, rather the y2 seemingly content of the surrounding 6;. On the 
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Table 3... Structures by X ray 
Analysis in Transformed Speci- 


mens of Alloy 11.9 Pct Al 


500°C 450°C 
Time Structure Time | Structure 
60 sec B’ 5 sec B’ 
30 min a, 2, B’ 30 sec ; 
1 hr a, 2 4 min B’, a, (y’) 
8 min B’, a, 
12 min B’, a, y’ 
32 min 6’, a, y' 
425°C 


Time Structure 


77 hr a, y2 


depletion of the B;- to a sufficient de- 
gree a forms and in turn grows. By 
this mechanism the a and vy» lattices 
seemingly are not in contact, but are 
separated by untransformed 6, until 
the final stages of transformation. 

An apparent anomaly is accounted 
for on the basis of this mechanism. 
This consists in the apparent inter- 
change of role of y2 from precipitate 
structure to matrix structure through 
the course of the transformations. Thus 
in Fig 8 it seems that the precipitate 
structure is y2, while in Fig 9 the “‘ pre- 
cipitate”’ structure is a. 

It seems that the 6” reaction is com- 
parable to this reaction in the 13.5 pct 
Al alloy except that the B” reaction 
does not go to completion. Thus the 8” 
formed above about 500°C is for the 
most part consumed by the pearlite 
reaction. At lower temperatures in- 
creasingly greater proportions of 8’’ de- 
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compose to form a, while, as noted 
before, the pearlite reaction undergoes 
some important alterations. 

The 8” structure probably does not 
differ from the matrix structure in so 
far as ordering is concerned. Rather 
from the fact that a forms from 6” it 
appears reasonable to conclude that 
8’ is aluminum dilute. A quantitative 
evaluation of the 6” crystal structure 
is out of question with the X ray dif- 
fraction techniques used in this investi- 
gation, but it has appeared that 8’ has 
essentially the same structure as 8’.* 


Summary 


1. It has been shown that the pearl- 
ite reaction is not found at composi- 
tions appreciably away from eutectoid 
composition on isothermal transforma- 
tion of B-CuAl alloys. This reaction 
cannot be considered as generally typi- 
cal of eutectoidal transformations. 

_ 2. In agreement with previous 
work? it has been found that the 
pearlite reaction exists in the alloy of 
eutectoid composition. It has been 
found, however, that the interlamellar 
spacing of this pearlitic structure first 
decreases and then increases with de- 
creasing transformation temperature. 
This behavior was wholly unexpected 
and cannot be accounted for on the 
basis of current notions of the pearlite 
reaction. 

3. A bainite type reaction or, for 
short, a bainite reaction has been 
found in the CuAl alloys studied. The 
first reaction in the 13.5 pct Al alloy 
and the 8” reaction in the 11.9 pct Al 
alloy are placed in this category. 
In both of the alloys studied the 6; 
matrix forms zones enriched and de- 
pleted in aluminum. For the 13.5 pct 
Al alloy the enriched zones decompose 
to form 72 which grows by an accretion 
process. The depleted zones in turn 
form a which also grows by an accre- 
tion process. The formation of a occurs 
at a much later time than the formation 
of y2. The 8” transformation in the 11.9 
pet Al alloy differs from this mainly in 
that a precipitates before 7». 
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formed at 550°C for 30 min. 14> in. stock. 
x 750 

FIG 31—11.9 pct Al-Cu specimen trans- 
formed at 500°C for 8 min. 142 in. stock. 
x 1000 

FIG 32—11.9 pct Al-Cu specimen trans- 
formed at 425°C for 77 hr. 14. in. stock. 
x 1000 
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Compression Textures of Copper and Its Binary Alpha Solid Solution Alloys* 


WALTER R. HIBBARD, JR.,+ and DELMAR E. TROUT, Il,¢ Junior Members AIME 


Previous investigations have shown 
that the cold rolling textures!:? and the 
drawn wire textures’ of copper change 
their secondary components after the 
addition of about 1 pct aluminum and 
5 pet zinc, but do not change after the 
addition of as much as 30 pct nickel. 
However, few data are available on 
compression textures. Barrett‘ reports 
from unpublished work with E. L. 
Layland that compression rolled copper 
develops a texture which is predomi- 
nately {110} in the compression plane 
with a secondary spread to {113} and 
weaker spread to {100} as shown in 
Fig 1. However, 70-30 alpha brass 
similarly treated develops a texture 
again predominately {110} in the com- 
pression plane and with a weak second- 
ary spread to {113} but with moderate 
{111} secondary intensities illustrated 
in Fig 2. 


Experimental Procedure 


Specimens of the compositions shown 
in Table 1 remaining from a previous 
investigation’ were annealed to a grain 
size of 0.090 mm average diam and 
machined to cylinders 0.20 in. diam 
and 0.20 in. high. Cylinders were com- 
pressed 90 pct reduction in height be- 
tween lubricated steel blocks in a 
tensile machine. Glancing X ray photo- 
grams using copper K-alpha radiation 
were taken at an angle of 6 degrees to 
the compression surface. (111), (002) 
and (220) rings were analyzed to define 
the textures shown in Table 1. 


The results are in agreement with 


Barrett as to types of textures and are 
essentially in agreement with previous 
work!,?;3 as to the effects of composi- 
tion. In the wire study? it was reported 
that the 4.99 pct zinc alloy had a brass- 
type texture, while the data in Table 1 
indicate a copper-type texture for com- 
pression. The wire specimen of the 4.99 
pet zinc alloy was re-examined by 
X rays and it was established that the 
[100] component still exists in the wire 
axis. Therefore, Table 2 of Ref. 3 is in 
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error and should indicate a double 
[111], [100] copper-type texture for this 
alloy. This correction results in com- 
plete consistency with regard to com- 
positional effects, namely that copper 
and its alloys containing up to approxi- 
mately 1 pet aluminum, 5 pct zinc and 
at least 30 pct nickel§ develop a 
copper-type texture and more con- 
centrated copper-aluminum and cop- 
per-zinc solid solution alloys will form 
a brass-type texture. 


Summary 


Compression textures developed in 
copper and its alpha solid solution 
alloys of aluminum, nickel and zinc are 
essentially the same types as those re- 


FIG 1—Orientations in copper compressed 
'97 pct by compression rolling (Barrett). 


FIG 2—Orientations in 70-30 brass 
compressed 97 pct by compression rolling 
(Barrett). 


Table 1. . . Composition and Texture 


| 
Composition | Texture of Compression Plane 
Material 
Wt. Pct At. Pet | {110} | {111} | {100} | {113} Fig 

Coppert eke sok a ee Ss WwW M 1 

REINDGSeso ae o,f eo eee 30.70 32.44 Ss WwW M z 
Cuslly oe eee 0.94 2.16 Ss W WwW M Transition 

between 1 and 2 

3.69 8.28 Ss M W 54 

7.76 16.58 Ss M WwW 2 

Cu-Zn....... 4.99 4.83 Ss WwW M 1 

10.16 9.90 Ss M WwW 2 

12.42 42.12 Ss M WwW 2 

29.22 30.00 Ss M WwW 2 

* Phosphorous deoxidized electrolytic copper 
Note: S = strong, M = medium and = weak 
ported by Barrett4 with compositional Acknowledgment 


effects occurring at approximately the 
same percent additions as previously 
reported for rolled sheet!.? and drawn 
wire. 


§ Higher nickel alloys were not investigated. 
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* Some of the data included in this 
paper are from a report presented to the 
Faculty of the School of Engineering, 
Yale University, by Delmar E. Trout, 
II, in candidacy for the Degree of 
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1 References are at the end of the 
note. 
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Surface Orientation and Rolling of 
Magnesium Sheet 
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ROBERT L. DIETRICH* 


Magnesium alloy sheet has less abil- 
ity to accept bending at room tempera- 
ture than most of the heavier metals. 
In work designed to improve the bend 
properties, the preferred orientation of 
the sheet is of major importance as it 
is in all studies of the properties of 
wrought magnesium products. When 
rolled into. sheet, all of the common 
magnesium alloys form an orientation 
texture having the basal (002) planes 
approaching parallel to the surface of 
the sheet. This texture is only slightly 
affected by annealing. Magnesium 
single crystals are highly anisotropic, 
and, as might be expected, so are mag- 
nesium alloy wrought products in 
which a strong preferred orientation is 
developed. It is therefore not surprising 
that_bend properties are affected by 
orientation. Ansel and Betterton! re- 
ported that the orientation of AZ31XT 
sheet varies from surface to center and 
that bend properties are improved by 
etching away the sharply oriented 
material at the surface of the sheet to 
reach the more broadly oriented struc- 
ture below. This paper covers a study 
of that orientation, either during the 
rolling process or by treatment of the 
finished sheet, in an effort to improve 
the bend properties and toughness of 
sheet. 


Literature 


The orientation texture of mag- 
nesium and magnesium alloy sheet has 
been studied extensively. Early de- 
terminations? showed that pure mag- 
nesium sheet has a preferred orientation 
in which the basal planes are parallel 
to the sheet surface within very narrow 
limits. J. C. McDonald? and J. D. 
Hanawalt! reported that sheet contain- 
ing a small amount of calcium develops 
a ‘“‘double”’ texture, that is, the major- 
ity of the basal planes are a few de- 
grees from parallel to the surface and 
there is a noticeable vacancy at the 
parallel position. Bakarian® made care- 
ful quantitative pole figures of both 
pure magnesium sheet and MI alloy 
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sheet which show these features. In all 
of these studies, however, the orienta- 
tion was determined by transmission 
methods in which the resulting pattern 
is an average through the thickness of 
the sheet. 

The tendency of wrought metal to 
exhibit a different orientation at the 
surface from that in the center has been 
reported by many investigators. G. von 
Vargha and G. Wasserman® found that 
with copper, aluminum, iron, and 
brass the textures of rolled compared to 
drawn wires were the same at the cen- 
ter but differed markedly at the surface. 
It was also reported by investigators’ 
that the orientation of rolled aluminum 
varies from surface to center. 
ereaves® found that the surface texture 
of AM503 (magnesium alloy similar to 
M1) sheet was different from the center 
texture. It is reported by Edmunds and 
Fuller? that zinc alloy sheet sometimes 
had a thin layer at the surface with a 
strong orientation of the basal planes 
parallel to the surface, which, if pres- 
ent, impaired the bend properties of the 
sheet. 


Part l 
Surface Orientation of Mag- 
nesium Alloy Sheet and the 
Effect on Properties 


Attempts to correlate the bend prop- 
erties of magnesium alloy sheet with 
tension ductility over short gauge 
lengths proved unsuccessful and the 
subsequent investigation showed that 
nonuniformity in orientation is a con- 


Cleveland Meeting, October 1949. 

TP 2657 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
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* The Dow Chemical Co., Mid- 
land, Michigan. 

+The A.S.T.M. system of alloy 
designation is employed throughout 
this paper. AZ31X is Mg + 3 %A1 + 


1 %Zn; 4AZ61X fis Mg + 6 %Al + 


1%Zn; AZ80X is Mg+8%Al+ 
0.5%Z0; MI is Mg+1.5%Mn + 
0.10 %Ca. X indicates high purity; 
h, hard rolled sheet, and a, annealed 
sheet. In addition, AZ31X when in 
sheet form contains 0.13 %Ca. 

1 References are at the end of the 


paper. 


Har- 


tributing factor as the properties of the 
surface material have a much more 
important effect in bending than in 
tension. A program to study the rela- 
tionship between surface orientation at 
the surface and bend properties was 
then undertaken. 

First, the effect of etching away the 
surface of sheet on the bend properties 
and the orientations at the various 
depths were studied. Sheet samples of 
Ml, AZ31X, and AZ61X were etched 
in dilute nitric acid to remove the sur- 
face material for various depths to 
0.015 in. As may be seen in Table 1, 
the minimum bend radius improved 
considerably as the surface layers were 
etched away but it was necessary to 
etch the sheet quite deeply, much more 
so than was found necessary by Ed- 
munds and Fuller? on zinc sheet. It is 
also apparent that the amount of 
etching required is a function of the 
Sheet thickness. In all of this work, 
radii were measured as R/t, the radius 
divided by the sheet thickness, in order 
to eliminate the effect of the reduction 
in sheet thickness produced by the 
etching. 

To determine the orientation texture 
of the sheet, X ray reflection patterns 
were taken using copper radiation with 
the beam striking the specimen at an 
angle of 17° to the surface, which is the 
Bragg angle for the (002) planes of 
magnesium. Two exposures were made 
of each specimen, one with the beam 
perpendicular to the rolling direction 
and the other with the beam parallel 
to the rolling direction. The symmetry 
of the preferred orientation in mag- 
nesium sheet. is such that these two 
photographs gave an approximation of 
the pole figure sufficiently accurate for 
qualitative work and it was not thought 
worthwhile to make complete pole 
figures. ive 

These X ray patterns show that the 
orientation has a much narrower 
spread at the original surface of the 
sheet than below the surface. The 
narrow spread is found in sheet having 
the majority of the basal planes (002) 
parallel to the surface, and since this is 
an unfavorable position for slip, it is 
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FIG 1—Effect of Etching on Surface Orientation of 0.091 in. AZ31X-h Sheet. 


Original Surface (a) X ray beam perpendicular to rolling direction, (b) beam parallel; etched 0.015 in. (c) beam perpendicular and (d) 
beam parallel. Copper radiation. Dots are placed to show limits of maximum intensity of (002) reflections. 


Table 1. . . Effect of Etching on Bend Radius of Mg Alloy Sheet 


Minimum Successful Bend Radius (r/é) 
Original Etch in In. per Side 
Alloy Gauge 
Inches 
None 0.001 0.002 0.005 0.010 
AZ31X-h 0.040 CR Lene Dee YS 2 | 
AZ31X-h 0.064 6.4 6.0 5.8 5.8 
AZ31X-h 0.091 6.4 6.3 5.0 4.8 
AZ31X-a 0.091 3.3 2.6 Zio 
Mi-a 0.040 4.4 4.5 3.9 2.4 3.5 


not surprising that removing this 
layer improves the bend properties. 

In the reflection patterns of 0.091 
in. AZ31Xh sheet at the original sur- 
face and after etching 0.015 in. (Fig 1), 
the difference in spread is quite notice- 
able. The minimum bend radius was 
6.4¢ before etching and 4.8¢ after etch- 
ing. Other samples gave the same 
correlation, the bend properties im- 
prove as the orientation spread at the 
surface increases. 

Tests made to determine the depth of 
penetration of the X ray beam in this 
type of reflection photograph showed 
that by use of copper radiation the 
beam penetrates to a depth of approxi- 
mately 0.003 in. before its intensity is 
reduced to an ineffective level. The 
patterns must be interpreted as an 
integrated pattern of a layer 0.003 in. 
thick but heavily weighted in favor of 
the extreme surface. Subsequent tests 
showed that iron radiation, used for 
much of the later work, limited the 
depth of penetration to about 0.002 in. 
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EFFECT OF ETCHING ON TENSILE 
PROPERTIES 


Although etching away the surface 
layers of sheet produces a marked im- 
provement in bend properties, it was 
found that there is only an insignificant 
change in tensile properties. Tests on 
etched specimens showed a_ slight 
tendency for the etching to improve the 
elongation and lower the yield and 
tensile strengths; but the decrease is 
so slight as to be within normal tensile 
test variations and is only visible as a 
trend. This result is very reasonable, 
for, in a tension test, the entire cross- 
section of the sample is tested, whereas 
in bending the maximum elongation is 
found only in the extreme surface 
fibers and hence the minimum bend 
radius is determined by the elongation 
possible at the surface. 


ETCHING EXTRUDED STRIP 


The effect of etching on the bend 
properties of sheet aroused interest in 


the behavior of extruded strip having a 
similar orientation to sheet when a 
transmission pattern is taken. Ex- 
truded strips, 1 in. by % in., of 
AZ80X, AZ61X, M1, and AZ31X were 
etched in the same manner as the sheet 
with rather startling results. Etching 
AZ31X strip improved the bend prop- 
erties as in the sheet, but AZ80X and 
AZ61X strip had poorer bend proper- 
ties after etching and M1 strip showed 
no effect. Diffraction patterns by reflec- 
tion from the surface showed that the 
surface orientations of the various 
samples correlated with their bend 
properties. In the predominate orienta- 
tion at the surface, the basal planes are 
not parallel to the surface, but are in- 
clined to it at an angle of 10° to 30°. 

Table 2 shows the effect of etching 
0.015 in. on the bend properties of 
AZ80X and M1 strip and the corre- 
sponding surface diffraction patterns 
are shown in Fig 2. As can be seen 
readily, the orientation of AZ80X ata 
depth of 0.015 in. has a much narrower 
spread than at the surface, whereas in 
M1 strip there is little difference. 
Crystallites having the basal plane at 
an angle to the surface are in a more 
favorable position for basal slip than if 
parallel; therefore, the greater the per- 
centage of the material at the surface in 
a favorable position, the better the 
bend properties. The results of the 
experiments on extruded strip confirm 


SEPTEMBER 1949 


FIG 2—Effect of Etching on Surface Orientation of Extruded 1 in. X 3 in. Strip. 
(a) AZ80X as extruded and (b) Etched 0.015 in: 
(c) Ml as extruded and (d) Etched 0.015 in. 

Copper radiation, beam perpendicular to extrusion direction. 


the importance of surface orientation 
in determining bend properties. 


SHOT PEENING 


Having determined the importance 
of a favorable surface orientation in 
obtaining good bend properties in 
sheet, the problem of improving that 
orientation presents itself. There are 
two general ways in which this can be 
done; one is to alter the orientation of 
the rolled sheet, the other is to control 
the orientation during the rolling 
process. 

One of the methods of altering the 
surface of the finished sheet is to etch 
away the unfavorably oriented mate- 
rial at the surface but because of the 
large amount of metal wasted by this 
process it is not commercially feasible. 
Shot peening offers a means of working 
the surface which utilizes flow charac- 
teristics entirely different from rolling. 
It was found that when AZ31Xa sheet 
was shot peened severely and then 
annealed at 600°F (310°C), a random 
orientation at the surface could be pro- 
duced (Fig 3). Metallographic exami- 
nation showed the affected layer to be 
about 0.003 in. deep. By this treatment 
the minimum bend radius was reduced 
from 3.5t to 2.5¢. 


REVERSE BENDING 


A more effective and practical way 
to alter the surface orientation was 
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Tables? 9m eifect of Etching on 
4 in. Extruded Strip 


Min we Surface 
7 rientation, 
Alloy Etch ee Arc of Max. 
Intensity 
AZ80X | None 3. 0t +10°, +54° 
AZ80X Pots in. per| 4. 0¢ —10°, +10° 
side 
MI None 4.0t +3°, +29° 
9.038 in. per| 3.9¢ +5°, +22° 
side 


* Orientation is spread of basal planes in ex- 
trusion direction from parallel to surface. 
found when it was learned that bending 
the sheet to about 15¢ radius through 
rolls, straightening, bending in the 
opposite direction and annealing pro- 
duce a radical change in surface 
orientation and improve the bend 
properties. If the process is repeated a 
second time there is further broadening 
of orientation and further improvement 
in bend properties, but additional 
repetition is not effective As is shown 
by the data in Table 3, AZ31X sheet 
had a 3.5 bend radius in the annealed 
condition, but if treated by reverse 
bending the minimum radius was re- 
duced to 2.5t after the first treatment 
and 1.2¢ after the second. There is also 
an accompanying loss in yield strength, 
an increase in elongation, and a sub- 
stantial increase in toughness. 

The reverse bending process was 
studied in detail by X ray methods and 
it was found that the major orientation 


change occurs during annealing, prob- 
ably as a result of the twinning which 
takes place on the compression side of 
the bend. This is one of the few known 
cases in which annealing magnesium 
results in an appreciable change in 
orientation. 

Roller leveling is somewhat similar 
to this reverse bending and has been 
cited in the literature! as a way to im- 
prove bend properties, but attempts to 
use this method were unsuccessful even 
when the two stage anneal was used. 
The difference is in the severity of the 
bends since the radii must be small 
enough to produce strong twinning on 
the compression side of the bend. 


Part 2 
The Control of Surface 
Orientation in the 
Rolling Process 


Although the surface orientation of 
magnesium alloy sheet can be altered 
by etching, shot peening, or reverse 
bending, it is, of course, much more 
economical to roll in such a manner as 
to secure the desired properties without 
further treatment. A comprehensive 
program was undertaken to study the 
effect of hot and cold rolling variables 
on the surface orientation and proper- 
ties of AZ31X alloy, the most widely 
used magnesium sheet alloy. The 
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FIG 3—Effect of Shot Peening on Surface Orientation of 0.064 in. AZ31X-a Sheet. 


(a) Original Surface (b) Shot peened and annealed. Copper radiation. 


Table 3... . Effect of Reverse Bending in Both Directions on AZ31X-h 


Tensile Properties 
7 eee 
‘reatment Bend Radius 
Ultimate | 0.2 Pct | Pct E en 
psi Yield psi jin 2 in. 
Original -+- 600°R Asmeali Sass ctarip ae ole rea 37,800 23,000 21 3 5i 
Reverse Bends -vAnneals 6 fig ccc tate oc, aeons a 37,300 20,800 23 2pe 
(Reverse Bend + Anneal) X 2..............0000005- 35,600 15,900 24 iNet) 
| 


variables of temperature, reduction per 
pass, lubrication, and total reduction 
were studied as well as the effect of 
different combinations of them. The 
Minimum bend radius, tension and 
compression strengths, and toughness 
gave good correlation with the resulting 
orientation. 


EQUIPMENT 


All laboratory investigations were 
carried out on a laboratory 2-Hi rolling 
mill having 8 in. diam by 12 in. rolls, 
and, in addition, a few pilot plant ex- 
periments were carried out on a 2-Hi 
mill having 32 in. by 60 in. rolls. 
Orientation was determined by X ray 
surface reflection using both copper 
radiation and iron radiation. 


HOT ROLLING 


Most of the experimental work was 
done on hot rolling as it was found that 
more could be accomplished in con- 
trolling the orientation in hot rolling 
even when the sheet was finished by 
cold rolling. The hot rolling variables 
of reduction per pass and temperature 
were studied by rolling AZ31X from 
0.250 in. to 0.082 in. in four ways: 

1. 800°F, (430°C), 20% reduction 

per pass 

2. 800°F, 5% reduction per pass 

3. 500°F, (260°C), 20 % reduction per 

pass 

4. 500°F, 5% reduction per pass 
The resulting hot rolled material was 
then annealed at 700°F (370°C), cold 
rolled 20 pct, and final annealed at 
275°F (135°C). Surface orientation and 
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properties were determined at each 
stage of the process. The higher tem- 
peratures and heavier passes produced 
a sheet having a much broader spread 
in the orientation of the basal plane at 
the surface. This sheet had better bend 
properties and, in addition, a con- 
siderably higher compression yield 
strength. The effect. of the hot rolling 
conditions carried through the subse- 
quent finishing operations of annealing 
and cold rolling. The properties of the 
sheet before and after cold rolling are 
given in Table 4. Surface reflection 
X ray pictures of the finished sheet are 
shown in Fig 4 with the differences in 
spread of the basal reflection evident. 

The most probable explanation for 
the temperature effect is that the rela- 
tive activity of the slip systems is 
altered by increasing temperature. 
There has been some indication that 
this may be true? !2:'8 but no adequate 
proof exists. It is interesting to note 
Kolesnikov’s'‘ report that three differ- 
ent textures were produced when zinc 
sheet was rolled at 20°C (70°F), 150°C 
(300°F), and 380°C (720°F). There are 
two possible reasons for the effect of 
reduction per pass; it may be the result 
of more uniform working through the 
thickness of the sheet or it may be the 
result of stress changes as discussed 
under lubrication. McLachlan and 
Davey'® found that with iron-nickel 
alloys, the orientation of a 0.001 in. 
surface layer is affected by reduction 
per pass but below this there is no 
change. Anderson and Kehl,!* on the 
other hand, found that with copper the 
reduction per pass does not influence 
either the surface or the overall texture. 


ROLL LUBRICATION 


Lubrication during hot rolling should 
have an effect on the stress system and 
possibly on the surface orientation. To 
study this variable, sheets were hot 
rolled from 0.250 in. to 0.075 in., an- 
nealed at 700°F (370°C), and cold 
rolled to 0.064 in. Rolling was done 
with palm oil on the rolls and with dry 
rolls. In the tests reported in Table 5, 
when lubricant was used for hot rolling 
it was also used for cold rolling; if hot 
rolling was dry, cold rolling was also 
dry. The use of lubricant causes a 
marked improvement in the bend 
properties of AZ31X but in the hard 
rolled condition the greatest improve- 
ment is secured if the sheet is subse- 
quently etched to remove 0.0005 in. 
per side. The only explanation that can 
be offered for the results of etching is 
that even with lubrication there is a 
very thin layer of material with poor 
orientation at the surface of the sheet. 
The X ray method is, however, not 
sufficiently sensitive to prove or dis- 
prove this theory. The wider surface 
orientation resulting from the use of a 
lubricant is believed to be the result of 
reduction of the tensile stress on the 
surface due to the friction of the rolls. 
Experiments by the author on Ml alloy 
single crystals have shown that slip and 
fracture characteristics, are different 
in the rolling process from those in 
pure compression. Single crystals hay- 
ing the basal plane within 5° of parallel 
to the rolling surface could be hot 
rolled successfully but fractured when 
subjected to compression jn a_test- 
ing machine operated at the same 
temperatures. 

The use of adequate lubrication is 
believed to cause the stress system at 
the surface to approach more nearly 
the stresses found in the center of the 
sheet and, therefore, to reduce the 
variation in orientation from surface to 
center. 

X ray pictures illustrating the effect 
of lubrication on the surface of AZ31X 


SEPTEMBER 1949 


FIG 4—Effect of Hot Rolling Temperature and Reduction per Pass on Surface Orientation of Finished 0.064 in. AZ31X-h 


Sheet. 


All sheet was annealed, cold rolled 15 pct and final annealed at 275°F (135°C) 
Copper radiation, beam perpendicular to rolling direction. 
(a) Hot rolled 800°F, 20 pct per pass (b) 800°F, 5 pct per pass (c) 500°F, 20 pct per pass (d) 500°F, 5 pet per pass 


sheet finished by annealing and cold 
rolling 15 pet with dry rolls are shown 
in Fig 5. Further investigation shows 
that for best results lubrication should 
be confined to hot rolling, since when 
used for cold velling it does not im- 
prove the resulting orientation and 
lubrication during cold rolling is well 
known to reduce the capacity of mag- 
nesium alloys to withstand cold rolling 
without cracking.!:1” 


REQUIRED TOTAL REDUCTION IN 
HOT ROLLING 


Having established that surface 
orientation could be altered by hot 
rolling conditions, tests were run to 
determine the minimum amount of hot 
rolling required under optimum condi- 
tions to secure the desired surface 
orientation and bend properties. These 
tests showed that the conditions under 
which the last 30 to 40 pct of the reduc- 
tion in hot rolling is carried out deter- 
mines the final properties. 


PERSISTENCE DURING COLD 
ROLLING 


All the data presented so far were ob- 
tained on sheet finished with 15 to 20 
pet cold roll. It is surprising that the 
orientation produced in hot rolling per- 
sists so strongly through annealing and 
cold rolling operations. It would seem 
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Table 4... Effect of Hot Rolling Temperature and Reduction per Pass 


AZ31X Alloy 
Hot Rolling 

; Cold Anneal pea Tensile’ Yield* Pct E Comp. 
Temp. Reason Rollt oF (r/t) in 2 In Yield* 

oF per Pass 

Pct 

800 20 None 700 Bee) 37,100 21,400 21 15,700 
800 5 None 700 5.0 35,400 21,400 17 11,900 
500 20 None 700 6.5 38,200 25,200 21 14,900 
500 5 None 700 6.0 37,200 23,600 18 11,600 
800 20 20% 25 44,400 35,700 9 33,000 
800 5 20% 275 41,600 32,800 iD 28,700 
500 20 20% 29 45,300 35,700 4 32,200 
500 5 20% 275 42,400 34,100 3 28,200 


* 


probable that sufficient reduction in 
cold rolling would remove any influ- 
ence of hot rolling conditions. Thin 
gauge magnesium alloy sheet is pro- 
duced commercially by multiple cold 
rolling from a minimum hot rolled 
gauge of 0.075 in. Total reductions of 
20 to 40 pct with intermediate anneals 
are used. The tests conducted in the 
laboratory consisted of cold rolling two 
batches of sheet, one of which had been 
hot rolled with lubricated rolls at 
800°F, 20 pct per pass, and the other 
had been hot rolled with dry rolls at 
600°F, 20 pct per pass. Two successive 


cold rolls of 20 pct each followed by one 


of 30 pct were used, annealing at 700°F 
(370°C) between cold rolls. The su- 
perior bend properties of the first batch 
persisted in the hard rolled sheet 


si. 
+ Annealed 1 hr 700°F before cold rolling. 


through the entire cold rolling. It did, 
however, become slight after the second 
cold roll. In sheet final annealed at 
600°F (320°C) all effect of the hot 
rolling conditions on bend properties 
was lost after the second cold roll. The 
sheet hot rolled at the higher tempera- 
ture maintained a slightly better com- 
pression yield strength through the 
entire series of cold rolls. 


COLD ROLLING 


In addition to the work on hot roll- 
ing, the effects on surface orientation of 
roll lubrication, roll temperature, re- 
versing the direction of each pass, 
reduction per pass, and total reduction 
in cold rolling were studied. The differ- 
ences obtained were much less impor- 
tant than in the studies on hot rolling. It 
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(a) Palm oil on rolls, (6) rolls dry. 

All sheet hot rolled at 800°F (430°C) and 20 pct per pass. : 
Sheet was annealed at 700°F (370°C) and cold rolled 15 pet with dry rolls. 
Iron radiation perpendicular to rolling direction. 


Table 5. . . Effect of Lubrication during Rolling AZ31X Sheet 


Hot Rolling* Min. isa Radius 
Anneal Ulti- é Pct E Comp. 
oF ia matet | Yieldt | in 2In.| Yieldt+ 
Temp. | Red. per| Lubri- No 0 Stes on 
° @ « © . 
F Pass Pct} cant Etch per Side 
800 20 Oil 275 6 3.5 41,500 33,900 SG 31,000 
800 20 Dry 275 6.5 6 42,000 34,700 9 29,600 
550 5 Dry 275 14 12 38,100 32,300 3 25,500 
800 20 Oil 600 5 15 36,400 26,200 21 18,900 
800 20 Dry 600 2.5 2.5 37,200 23,300 20 18,900 
550 5 Dry 600 3 3 37,400 23,000 18 16,400 
* au sheet annealed 700°F (370°C) and finished by cold rolling 15 pct to 0.064 in. gauge before final 
anneal. 
Tt Psi. 


was found that the best combination of 
strength and ductility in hard rolled 
sheet is produced by the present com- 
mercial practice of finish cold rolling 
20 to 30 pet followed by a low tempera- 
ture anneal at 325°F (160°C) rather 
than finishing with a small cold reduc- 
tion without final anneal. 


WARM ROLLING 

As an alternative to finish cold roll- 
ing in securing the desired surface and 
properties, warm rolling is sometimes 
used. Tests on sheet finished by warm 
rolling at 300°F (150°C) and 400°F 
(200°C) showed poorer bend properties 
than on sheet finished by cold rolling. 


OTHER MAGNESIUM ALLOYS 


The work on rolling was not ex- 
tended to cover magnesium alloys 
other than AZ31X since this alloy 
accounts for by far the largest quantity 
of production sheet, and is used almost 
entirely for those applications in which 
room temperature formability and 
toughness are critical factors. Some 
laboratory work has shown that the 
hot rolling temperature affects the cold 
rollability of AZ31X both with and 
without calcium and also that of 
AZ61X. 


Summary 


1. Studies of the crystallographic 
orientation of magnesium alloy sheet 
show that the spread in the orientation 
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of the basal plane is considerably less 
at the surface than in the center of the 
sheet. 

2. A narrow orientation at the sur- 
face is detrimental to the bend proper- 
ties of the sheet. 

3. The layer having a narrow orien- 
tation can be removed by etching, 
or the orientation can be broadened 
by shot peening or reverse bending 
with a resultant improvement in bend 
properties. 

4. The surface orientation of AZ31X 
sheet can be improved by higher tem- 
perature, higher reduction per pass, and 
adequate lubrication during hot rolling 
with a resultant improvement in bend 
properties and a slight improvement in 
compression yield strength. 

5. The improved surface orientation 
resulting from hot rolling persists to a 
remarkable degree through subsequent 
annealing and cold rolling operations. 

6. Variations in cold rolling have 
only a very slight effect on surface 
orientation. 
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Introduction 


It has been known for many years 
that in cold drawn polycrystalline 
aluminum the recrystallization tex- 
ture is practically identical with the 
deformation texture.!.23 V. Goeler and 
Sachs‘ stated that in cold rolled poly- 
crystalline aluminum, too, the de- 
formation texture is retained upon 
recrystallization. This~ behavior was 
interpreted by Dehlinger® as an indica- 
tion that each recrystallized grain in- 
herits the orientation of the matrix in 
which it grew. However, Burgers and 
Basart showed® that in deformed 
aluminum single crystals the orienta- 
tion of the recrystallized grainsstrongly 
deviates from that of the matrix. 
Barrett demonstrated® that even in de- 
formed polycrystalline aggregates the 
local orientation within each deformed 
grain changes on recrystallization. No 
explanation has as yet been offered of 
how the aggregate texture can be re- 
tained, while the local texture is every- 
where changing. 

According to Burgers and Louwerse® 
the orientation change on recrystalliza- 
tion in compressed and rolled alumi- 
num single crystals corresponds to a 
rotation around [112] axes lying in the 
active slip planes and perpendicular to 
active slip directions. This orientation 
change was rationalized by them on the 
assumption that the orientation of the 
recrystallized grains is determined by 
the orientation of the available nuclei, 
and that these nuclei are small frag- 
ments of the deformed crystal, ro- 
tated in the deformation process. Bar- 
rett pointed out,’ however, that these 
assumptions were by no means proven, 
and that the total volume of material 
necessary for the nuclei is so small, 
that it must be available in any orien- 
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tation whatever. It is, therefore, un- 
likely that an “oriented nucleation”’ 
theory could satisfactorily explain the 
orientation changes in recrystallization 
of a deformed crystal. Furthermore, in 
contradiction to Burgers and Lou- 
werse’s conclusions, Barrett’s results 
for the orientation change could be 
best expressed in terms of rotations 
around [111] axes. Thus agreement is 
lacking not only in the interpretations 
but apparently even in the experi- 
mental results contributed by the vari- 
ous investigators. 

The orientation relationships on 
coarsening* in a highly oriented poly- 
crystalline matrix were first investi- 
gated by Burgers and Basart.’ They 
produced a fine grained highly oriented 
matrix by the recrystallization of a 
compressed or rolled single crystal of 


* Just as the recrystallized grains grow at the 
expense of the deformed matrix, and finally re- 
place it, under suitable conditions the recrystal- 
lized grains may be in turn replaced by a new 
generation of grains, usually many times larger 
than the recrystallized grains and growing at their 
expense. The growth of these very large grains 
may be designated as discontinuous grain growth 
or coarsening. (The following other terms have 
been used by various authors: abnormal grain 
growth, exaggerated grain growth, germination, 
and secondary recrystallization. These terms are 
deemed to be unsuitable, as they have been used 
indiscriminately to describe the formation of large 
grains by various mechanisms.!! 

Recent work indicates? that an essential 
condition for coarsening is that in a fine grained 
structure continuous or gradual growth be im- 
peded. There are at present two mechanisms 
Known, each one of which is capable of accom- 
plishing this, namely the inhibition by a dispersed 
phase and the restraint of growth resulting from a 
strongly developed texture. Correspondingly, one 
may speak of ‘‘inhibition-dependent coarsening” 
or ‘‘texture-dependent coarsening.’”’ In metal- 
lurgical practice intermediate cases often occur, 
where gradual grain growth is impeded by a 
combination of the two mechanisms mentioned. 
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aluminum, and studied the orientation 
relationships in three successive gen- 
erations of crystals: the “‘deformation 
texture’ in the single crystal, the re- 
crystallization texture, and the coarsen- 
ing texture. Burgers?4 showed that the 
preferred orientation of each successive 
generation was almost always widely 
different from that of the preceding 
one, but that the coarse grains often 
approximately reverted to the orienta- 
tion of their grandparent, the deformed 
single crystal. This observation, and 
the idea that the orientation of the 
coarse grains is determined by that of 
the available “‘nuclei,”’ led to the con- 
cept that the coarse grains are nucleated 
by the remnants of the deformation 
texture.12:15 On the other hand, Bowles 
and Boas!* found, in a carefully con- 
ducted experiment, that in recrystal- 
lized fine grained copper of cube texture 
coarse grains grow in orientations 
which can be derived from the orienta- 
tion of the recrystallized matrix by 
rotation around a [111] direction; the 
coarsening texture here does not appear 
to be related in any simple manner to 
the original rolling texture from which 
the cube texture had been obtained by 
recrystallization. 

It may be assumed that in a recrys- 
tallized material, even with a strong 
texture, there always are present some 
grains of practically any orientation. 
These may serve as ‘‘nuclei’” for the 
coarse grains, provided that the con- 
ditions are favorable for their growth. 
The existence of a coarsening texture 
may be considered as an indication that 
grains with certain relative orientations 
with respect to the preferred orienta- 
tion of their neighbors can grow much 
faster than others. This “oriented 
growth” theory was briefly suggested 
by van Arkel, as early as 1936,'* and 
it was mentioned by Burgers:1* Re- 
cently, C. G. Dunn produced direct 
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FIG 1—Outline of grain boundaries in rolled high purity aluminum bar, containing crystal | (large grain in center). 


Location of saw-cuts is indicated by straight cross lines. Specimens are numbered 1 to 13. 


FIG 2—Spec. 7 of crystal |, as rolled, showing deformation bands 


in direction of rolling. 
Deep etched. Magnification: X 3. Reduced one half in reproduction. 


FIG 3—Spec. 4 of crystal I, rolled and annealed 25 min. at 


400°C, showing fine grained recrystallized structure. 
Deep etched. Magnification: X 4. Reduced one half in reproduction. 


FIG 4—Spec. 8 of crystal I, rolled and annealed 745 min. at 


400°C, showing several coarse grains in fine grained matrix. 
Deep etched. Reduced one half in reproduction. 


experimental evidence for the orienta- 
tion dependence of the rate of growth 
in silicon ferrite. ®* 

The present investigation was under- 
taken in an attempt to clarify the diffi- 
culties and contradictions described 
above, and to rationalize both recry- 
stallization textures and coarsening 
textures from the point of view of the 
“oriented growth” theory. 
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Experimental Procedure 


The plan of the experiments was 
basically similar to that followed by 
Burgers and Basart.> However, high 
purity aluminum was used in order to 
eliminate the possible effect of im- 
purities on the texture relationships. 
Recent work indicated!® that it is 
possible to induce texture-dependent 


coarsening in high purity aluminum. 
Table 1 gives the lot analysis of the 
aluminum. 


Table 1... Lot Analysis of High 
Purity Aluminum 


Be... 2 cttene asec 0.002 
Cu. ee eee eee ee 0.002 
Mg ie a nara shee Tana eter aes 0.003 
Minit odicaceien vane cee 0.001 


The method of preparing the ingot was 
the same as previously used.!° Large 
crystals were grown by annealing 0.390 
to 0.535 in. thick specimens for 3-4 
days at 650°C. Crystals I and II were 
cold rolled 88 pct, and 90 pct respec- 
tively. Crystal III was compressed 75 
pct between repeatedly greased ground 
steel plates. The deformed crystals 
were carefully cut into several speci- 
mens by a jeweler’s saw. One specimen 
of each crystal was used for determin- 
ing the deformation texture. The other 
specimens were annealed in salt baths 
at various temperatures and for various 
lengths of time. 

Fig 1 gives the outlines of crystal I 
and its neighbors, after rolling, the lo- 
cation of the saw-cuts and specimen 
numbers. Spec. 7 was used for de- 
termining the deformation texture. As 
seen in Fig 2, crystal I had a large 
number of deformation bands extend- 
ing parallel to the rolling direction. 
Spec. 4, (Fig 3), was annealed for 25 
min. at 400°C, giving a uniformly fine 
recrystallized structure. Spec. 8, which 
had a common side with spec. 7, was 
annealed for 745 min. at 400°C, giving 
a partially coarsened structure, (Fig 
4). This specimen was used to deter- 
mine both the recrystallization texture 
and the orientation of several coarse 
grains. Since both structures were lo- 
cated in the same specimen, the relative 
orientation could be determined with a 
high degree of accuracy. For measuring 
the relative orientation of the deformed 
grain, spec. 7 was aligned by using its 
common edge with spec. 8. The speci- 
mens of crystals II and III were treated 
similarly. 

The deformation texture, the re- 
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A(III) 


FIG 5—(100) pole figure for textures obtained in crystal |. 


Recrystallization texture 


respectively. 


crystallization texture and the coarsen- 
ing texture were determined by means 
of an optical goniometer similar to that 
described by Barrett.!7 The light source 
used was a 2 watt concentrated arc 
lamp, allowing a very high degree of 
collimation. 

The annealed specimens were pol- 
ished electrolytically and etched with 
the reagent described by Barrett.!7 It 
was found that about 10 to 20 min. of 
etching were necessary to develop the 


cube planes accurately. In all measure-- 


ments on single grains the measured 
angles between the cube planes ap- 
proached 90° to an accuracy of better 
than 1 to 2°. It was found that the 
crystallographic definition of the etch 
pit faces in deformed crystals was im- 
proved when a somewhat modified 
etching reagent was used as given in 
Table 2. 


Table 2... Composition of Etch- 
ing Reagent Used for Developing 
(100) Planes in Cold Worked High 


Purity Aluminum 


Conc’ HG co aace eee aes re 80 cc 
ConcmHINOs caer cues aeons: 25 cc 

16 CG eee ces creons Sant) or cao 20 cc 
Cone HP &oncote stereos 5 cc 


It was found that the texture of the 
fine grained recrystallized material is 
usually rather sharply defined, so that 
the mean orientation can be satisfac- 
torily and easily determined by the 
optical method, if such a polycrystal- 
line region is treated as if it was a single 
grain. Reproducible average orienta- 
tions were obtained, and the angles 
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is in standard position. The main 
component of the deformation texture O, and the deformation 
bands @, as well as groups A and B of coarse grains o are plotted in 
correct relative position, together with the rolling direction (R.D.), 
the cross direction (C.D.), and the_normal direction ( 
correspond to 42° rotation around [111] and 35° rotation around [111] 


N.D.). Arrows 


between the average cube planes so 
determined were close to 90°. The 
coarsening texture was determined by 
measuring the orientation of 15-20 
large grains individually. 


Results 


Fig 5 gives the relationship between 
the deformation texture, the recrys- 
tallization texture and the coarsening 
texture obtained in crystal I. In order 
to show clearly the relative orientation 
of these textures, the pole figure is 
plotted for (100) poles in such a way 
that the recrystallization texture is in 
standard position. It is readily seen 
that the main portion of the deformed 
material as well as the deformation 
bands can be brought into fairly good 
alignment with the recrystallization 
texture by rotation around a [111] di- 
rection. The coarse grains clearly fall 
into two groups (A and B), each with 
a well-developed preferred orientation. 
This fact is also noticeable in Fig 4, 
where one group of coarse grains ap- 
pears black, and the other group gray. 
It is notable that the orientation of 
both groups of coarse grains deviates 
from that of the recrystallized matrix 
corresponding to a rotation around a 
[111] direction. The angle of rotation 
from the deformation texture to the 
recrystallization texture is about 40°, 
that from the recrystallization texture 
to the group A coarse grains is of simi- 
lar magnitude in the opposite direction 


FIG 6—(100) pole figure for textures obtained in crystal I. 
_ Recrystallization texture 
tion texture © and ©, and group A coarse grains o are plotted in 
such a way that (111) of the recrystallization texture is the center of 
projection. The rolling direction (R.D.), cross direction (C.D.), and 
normal direction (N.D.) are indicated. 


, the two components of the deforma- 


(or about 80° in the same direction), so 
that the orientation of group A coarse 
grains is fairly close to that of the 
original deformed single crystal. ‘It is 
important to note that the group B 
coarse crystals have an entirely differ- 
ent orientation from either component 
of the deformed crystal, although they 
are also connected with the recrystalli- 
zation texture by a [111] rotation of 
about 35° (see Fig 1). 

The extent of rotation around a [111] 
direction can be best studied in the 
corresponding [111] projection of the 
(100) poles. This is given in Fig 6 for 
the three successive generations of 
crystals: the deformation texture of 
crystal I (that of both the main portion 
and the deformation bands), the re- 
crystallization texture and the group A 
coarse grains. It is apparent that with a 
fair degree of accuracy all these crystals 
have in common the [111] direction 
which has been used as the center of 
projection. The group B coarse grains 
were omitted here, since they are con- 
nected with the recrystallization tex- 
ture by rotation around a different 
[111] direction. Similar pole figures 
were prepared for all cases investigated, 
in order to determine the angles of 
rotation. 

Fig 7 shows the [100] projection of 
the (100) poles for the recrystalliza- 
tion texture and for the coarse grains 
produced by the annealing of a speci- 
men of the rolled crystal II for 25 min. 
at 400°C. In this instance it was found 
impossible to determine accurately the 
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FIG 7—(100) pole figure for textures obtained in high purity 


aluminum crystal Il. 
Recrystallization texture 


B of coarse grains away from sawed edges o, and at sawed edges @ 
are plotted together with rolling direction (R.D.), cross direction 
Arrows correspond to 65° 


(C.D.), and normal direction (N.D.). 


is in standard position. Groups A and 


rotation around [111] and to 50° rotation around [111] respectively. 


FIG 8—Specimen of high purity aluminum origi- 
nally consisting of two grains, rolled and annealed 
12 sec. at 400°C, showing coarse grains at sawed 
edges. 


Reduced one half in reproduction. 


deformation texture by the optical 
method, as the deformation bands were 
small, numerous and inextricably inter- 
woven. However, the recrystallization 
texture was fairly sharply defined. The 
coarse grains showed considerable scat- 
ter, but it is apparent that even this 
scattered orientation range is quite 
clearly related to rotations around one 
of two [111] directions. Roughly, the 
scatter of one group of coarse crystals 
(A) may be expressed as a variation of 
the angle of rotation around [11]] 
from about 17 to 65°. The orientation 
of the other group of coarse crystals 
can be derived from that of the recrys- 
tallized grains by a rotation of ap- 
proximately 50° around [111]. 
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It is of particular significance that in 
most specimens a tendency was noted 
for the coarsening to start near the two 
sawed edges. This is clearly shown in 
Fig 8. It was observed that considera- 
ble amounts of material had to. be 
etched off the edge regions prior to 
annealing in order to eliminate this 
tendency. In Fig 7 the (100) poles for 
several of the grains growing from the 
edge are shown by solid circles. The 
orientation of most of these grains 
coincides well with the orientations of 


group A coarse grains, formed away 


from the edges. 

The orientation of crystal III after 
compression was very similar to that 
shown in Fig 10, that is, the (110) 


FIG 9—{100) pole figure for deformation texture O, and 
recrystallization texture [] obtained in high purity alumi- 
num crystal III. 


(111) of the deformation texture is center of projection. The com- 
pression axis (C.A.) is indicated. Arrows indicate rotation of 47°. 


plane was close to the plane of com- 
pression. This compressed crystal had 
no deformation bands; its orientation 
was sharply defined. After annealing 
for 15 min. at 400°C it showed a 
sharply defined recrystallization tex- 
ture. The relative orientation of the 
recrystallization texture and the de- 
formation texture, which is shown in 
Fig 9 in a [111] projection, corresponds 
to a rotation of about 47° around [111]. 


Diseussion of Results 


The results indicate that the orien- 
tation of aluminum crystals grown in 
a highly oriented matrix, either by 
recrystallization (when the matrix is 
deformed) or by coarsening (when the 
matrix is recrystallized, fine grained), 
is related to the orientation of the 
matrix by means of a rotation around a 
[111] direction. The extent of the rota- 
tion is about 30 to 50° in most cases as 
shown in Table 3. 

According to Burgers and Louwerse, ® 
the orientation relationship between a 
compressed single crystal of commer- 
cial purity aluminum and the recrys- 
tallization texture corresponds to a 
rotation around a [112] direction. Fig 
10 shows a pole figure from their paper. 
In Fig 11 the same data are re-plotted 
in such a way that the [100] poles of the 
deformed crystal are in standard posi- 
tion. It is apparent that the [111] 
rotation expresses the orientation rela- 
tionship between the compressed single 
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FIG 1C—(100) pole figure for deformation texture [] and 
recrystallization texture obtained by Burgers® in a compressed 


aluminum crystal of commercial purity. 


Black areas represent the main component (A), and shaded areas 
the other important component (B) of the recrystallization texture. 
Arrows indicate [112] rotations. 


‘crystal and either component of the 
recrystallization texture more accu- 
rately than the [112] rotations in- 
dicated by arrows in Fig 10. The 
orientation relationship between the 
deformation texture and the major 
component of the recrystallization tex- 
ture is re-plotted in Fig 12 in a [111] 
projection, which again shows the ex- 
cellent agreement of the data with the 
present interpretation. The agreement 
of the data reproduced in Fig 13 from 
ref. 6 (rolled single crystal of commercial 
aluminum) is again better with the 
{111] rotation than with the [112] rota- 
tion, as seen by comparing Fig 13 with 
Fig 14. It may be concluded, therefore, 
that the data presented by Burgers and 
his collaborators lend further support 
to the results described above. Further- 
more, these data indicate that the 
impurities present in commercial alu- 
minum do not affect the orientation 
relationship for recrystallization. 

In all four instances where the rela- 
tive orientation of deformation texture 
and recrystallization texture was deter- 
mined (Fig 5, 9, 11 and 14), only one or 
two of the four possible [111] rotations 
were actually found to occur in notice- 
able amounts. It is to be noted that in 
the case of the two compressed crystals 
(Fig 9 and 11) the angle between the 
“active [111] axes and the compression 
axis is quite close to 90°. The [111] 
axes ‘“‘active”’ in the recrystallization 
of the two rolled crystals (Fig 5 and 14) 
are those closest to the cross direction 
of rolling. (In the narrow deformation 
bands of crystal I the “‘active”’ [111] 
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FIG 11—{100) pole figure for the data given in Fig 10, with 


the deformation texture in standard position. 


Arrows indicate [111] rotations of 40° for A, and 37° for B. 


Table 3. . . Angle of Rotation Around [111] Direction in Degrees, Repre- 
senting Orientation Change for Recrystallization and for Coarsening in a 


Highly Oriented Matrix 
2 diti a ‘ E P 
Material oe oni be ore Source of information Heeryetalt Coarsening 
High purity aluminum | rolled single crystal] crystal I, this paper 40 42, 35 
High purity aluminum | rolled single crystal] crystal II, this paper 17-65, 50 
High purity aluminum Gorprcsced single | crystal III, this paper AT 
, 3 : crysta 
High purity aluminum | compressed single | Barrett’ 45 ' 
3 : crysta 
Commercial aluminum | compressed single | Burgers and Louwerse,® as 40, 37 
3 ; crys re-interpreted above 
Commercial aluminum | rolled single crystal] Burgers and Louwerse,® as DA SB 
re-interpreted above 
Tough pitch copper rolled polycrystal | Bowles and Boas}5 30 


direction was found to be about 2° 
further away from the cross direction 
than an inactive one. However, the 
accuracy of the measurements was not 
sufficient to make certain that this 
really represents an exception to the 
above criterion.) Since the direction of 
maximum compression in rolling is the 
normal direction, the criterion just 
described for rolled crystals is not un- 
related to the one for compressed 
crystals. 

The fact that the orientation of the 
recrystallized grains is derived from 
that of the deformed crystal by a [111] 
rotation implies, of course, that recrys- 
tallization nuclei of suitable orienta- 
tion are available. It does not prove, 
however, that nuclei of other orienta- 
tions do not exist. The occurrence of 
recrystallized grains of the above orien- 
tation range is favored probably be- 
cause of their higher rate of growth in 
the deformed matrix. In the case 
of coarsening, this interpretation is 


strongly supported by the orientation 
of the coarse grains nucleated at the 
sawed edge, as described above. Away 
from the edges the deformation texture 
is well-developed, and consequently 
the recrystallization texture is also 
quite sharply defined. Apparently, in 
a structure with such high degree of 
preferred orientation, there are but 
few grains with orientations deviating 
considerably from that of the mass, 
hence few “‘nuclei” for coarse grains. 
At the sawed edge the deformation is 
strongly heterogeneous. It may be as- 
sumed that at such locations tiny 
recrystallized grains of a large variety 
of orientations are formed upon an- 
nealing. Many of these may serve as 
“nuclei” in coarsening.* The fact that 
only those ‘‘nuclei” grow to large size 
which have the correct orientation with 


* The described mechanism of “‘nucleation”’ of 
coarsening at points of inhomogeneous deforma- 
tion may explain, at least in some cases, the 
phenomena of “forced secondary recrystalli- 
zation” as reviewed by Burgers.?+ 


Metals Transactions, Vol. 185 . . . 631 


FIG 12—(100) pole figure for component A of the recrystalli- 


zation texture, as given in Fig 10 and 11. 
Center of projection is (111) of the deformation texture. 


respect to the highly oriented recrys- 
tallized matrix, indicates that the 
selective principle involved is the ori- 
entation dependence of the rate of 
growth. That the coarse grains are not 
“nucleated”” by remnants of the de- 
formation texture is shown by the 
group B coarse grains in Fig 5, the 
orientation of which is quite different 
from that of the deformation texture. 
However, the orientation of both 
group A and group B coarse grains can 
be accounted for on the basis of the 
“oriented growth” theory. 

The analagous orientation selectivity 


FIG 13—{100) pole figure for deformation texture (dotted 
lines), and for components A and B of recrystallization texture 
obtained by Burgers in rolled aluminum crystal of commer- 
cial purity. 


Arrows indicate [112] rotations, as given by Burgers. 
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found for recrystallization and_ for 
coarsening in high purity aluminum 
shows that the same orientation de- 
pendence governs the rate of growth 
of the grains in both cases. There is no 
reason to assume, however, that this 
analogy implies essential identity of 
the two processes. In fact, present 
evidence tends to support the view 
that recrystallization is connected with 
the elastic bending of the lamellae of 
deformed crystals,’ whereas coarsen- 
ing is connected with the surface 
energy of the grain boundaries.1é.!9 

It is interesting to recall that the 


FIG 14—(100) pole figure for the data given in Fig 13 
with one component of the deformation texture in standard 
position. 

Arrows indicate [111] rotations of 27° for A, and 33° for B. 


fiber texture of cold drawn polycrystal- 
line aluminum is [111] in the fiber axis, 
and that the recrystallization texture, 
developed upon annealing, is the 
same.!23 In the light of the present 
results, the retention of the [111] fiber 
texture in recrystallization is easily 
understood, even though each de- 
formed grain changes its orientation 
upon recrystallization. Fig 15 shows 
schematically a [111] fiber texture. If 
each recrystallized grain deviates from 
its parent matrix only by a rotation 
around [111], which is also the fiber 
axis, its (100) poles will remain within 
the same ring-shaped area of the pole 
figure, and the resulting recrystalliza- 
tion texture will be the same as the 
deformation texture. Here, as in com- 
pressed single crystals, the “active”’ 
[111] axis (around which the re-orienta- 
tion takes place) is perpendicular to 
the directions of maximum compression 
(the radial directions of the rod). In 
copper, too, the deformation fiber tex- 
ture is mainly [111], and this is re- 
tained in recrystallization.2° In view 
of this fact, and of the observations of 
Bowles and Boas on coarsening, the 
orientation relationships for copper 
appear to be very similar to those for 
aluminum. 

Fig 16 shows the rolling texture for 
polycrystalline aluminum, according to 
v. Goeler and Sachs.‘ If this is re- 
plotted with the cross direction in the 
center of the projection, as in Fig 17, 
it becomes apparent that, in a rough 
approximation, the major component 
of this texture may be considered as an 
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incomplete [111] fiber texture, with the 
cross direction as the fiber axis. Con- 
sequently, the often noted fact that 
the rolling texture of polycrystalline 
aluminum is fairly well retained upon 
recrystallization,* may be visualized as 
described above for the fiber texture, 
even though the agreement cannot be 
expected to be as good as it is in the 
case of drawn aluminum. According to 
this interpretation, the “active” [111] 
axes in the various grains are all nearly 
parallel to the cross direction, in agree- 
ment with what was found above for 
rolled single crystals. 

The behavior of rolled polycrystal- 
line copper (with not more than about 
80 pct reduction of area) is apparently 
very similar to that just described for 
aluminum. But it has been reported 
that the recrystallization texture of 
rolled silver®! and of certain face cen- 
tered cubic copper alloys,?2 such as 
brass, has mainly a (113) [112] position, 
even though the [111] fiber texture of 
cold drawn brass is apparently retained 
upon recrystallization.? These condi- 
tions are not as yet clearly understood, 
and they are now being investigated at 
this laboratory. 

It is known that certain body cen- 
tered cubic metals have a [110] fiber 
texture, and that this is retained in re- 
crystallization.22 In analogy to the 
behavior of aluminum, it may be ex- 
pected that in such metals the orienta- 
tion relationship between a deformed 
grain and the recrystallized grains 


FIG 16—(100) pole figure for deformation texture of rolled 


polycrystalline aluminum, according to v. Goeler and Sachs.‘ 
Plane of projection is the rolling plane. Rolling direction indicated 
.R. 


by 
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FIG 15—Schematic (100) pole figure for [111] fiber texture, 
with fiber axis as the center of projection. 


growing in it may correspond to a ro- 
tation around a [110] direction. This ex- 
pectation is also being tested at the 
present time. 
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FIG 17—(100) pole figure for the data given in Fig 16, with 


the cross direction as the center of projection. 
The rolling direction is indicated. 
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Conclusions 


1. The orientation of the recrystal- 
lized grains growing in a rolled or com- 
pressed aluminum single crystal is 
related to the main orientation of the 
deformed crystal by rotation around a 
[111] direction. The extent of rotation 
varies between about 30 and 50°. The 
orientation relationship for recrystal- 
lization does not appear to be affected 
by impurities present in commercial 
aluminum. 

2. Since the axis of the rotation, 
which may be used to describe the 
orientation relationship between de- 
formation texture and recrystallization 
texture for aluminum single crystals, 
is identical with the axis of the fiber 
texture of cold drawn polycrystalline 
aluminum, the retention of the [111] 
fiber texture in the recrystallization of 
this material is explained. 

3. The orientation of the coarse 
grains growing in a matrix of fine 
grained recrystallized high purity alu- 
minum with sharply defined texture is 
related to the main orientation of the 
matrix by rotation around a [111] di- 
rection. The extent of rotation may 
vary over wide limits, but it is usually 
about 30 to-50°. Important components 
of the coarsening texture may strongly 
deviate from the deformation texture. 
Consequéntly there is no reason to as- 
sume that the coarse grains are “‘nu- 
cleated’’ by remnants of the deformed 
material. 

4. The orientation of coarse grains 
growing in a matrix of fine grained re- 
crystallized high purity aluminum with 
sharply defined texture, from points 
where recrystallized grains with a large 


variety of orientations are available 
(sawed edges) is the same as that of the 
coarse grains formed elsewhere. This 
indicates that the coarsening texture is 
determined by the orientation de- 
pendence of the rate of growth, rather 
than by “‘oriented nucleation.” 
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70-30 Alpha Brass’ 


2 Co © Ok CoQ OLO41OO ©) ©-C) OAOGOBOMOMOVEO) O4©) Oy KO TePMOM ee OC iao) (oso oo Moa ole ome watever (o) 


WALTER R. HIBBARD, JR.,+ Junior Member, YOU-CHAO LIU,+ and STANLEY F. REITER,} Student Associates AIME_ 


Cyril Stanley Smith in his classic 
1948 Institute of Metals Lecture! 
noted in the case of annealing 
twins that: “It is well known that 
approximately the same number of 
twins per grain and the same general 
geometry are maintained in large 
grains as in small ones, a fact that 
certainly suggests a mechanism such 
as the above where boundaries and 
twins grow proportionately together. 
If this view is correct, a spherical 
grain should have no mechanism for 
keeping its twins.” Such a constancy 
of twins per grain would be of particu- 
lar interest as a tool for the study of the 
origin of annealing twins. It has been 
proposed by Mathewson? and later by 
Barrett? that in face-centered cubic 
metals slip occurs in the {111} plane 
by <112> shears which combine in 
pairs to produce the macroscopically 
observed <110> movement. This 
proposal is schematically inviting since 
<112> slip permits the atoms of one 
plane to move along the interatomic 
valleys of its neighbor rather than up 
the hills across the atom sites. There is 
strong experimental evidence‘ that 
annealing twins result from the growth 
of nuclei in the form of “‘twin faults” 
produced by single <112> shears. 

It is possible that more twin faults 
would form at low deformation tem- 
peratures than at high ones, because 
the more rigid lattice may increase the 
tendency to “freeze” the twin faults 
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and prevent their dissipation in slip. 
This is suggested by (1) the greater 
resistance to slip at low temperatures 
and (2) greater tendency toward 
mechanical type twinning at low tem- 
peratures (a summary of these factors 
is presented by Seigle and Brick®). 
These considerations would suggest the 
following: 


a. Constant twin/grain ratio for 
specimens deformed constant 
amounts at a constant tempera- 
ture, but annealed at various tem- 
peratures above the recrystalliza- 
tion temperature. 

b. Larger twin/grain ratios for re- 
crystallized specimens previously 
deformed constant amounts at 
lower temperatures. 


The purpose of this investigation is 
to test these considerations. 
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TP 2677 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
Manuscript received May 2, 1949. 

* The data in this paper were taken 
from reports submitted by /Y..C. Liu 
and S. F. Reiter to the School of Engi- 


neering, Yale University, in‘candidacy 
for the Degree of Master of Engineer- 
ing, May 1949. 

+ Assistant Professor and (Graduate 
Students, respectively, Department of 


Metallurgy, Yale University, .'New 
Haven, Connecticut. : 
1 References are at the end of the 


paper. 


Experimental Procedure 
and Results 


One half in. rods of phosphorous de- 
oxidized electrolytic copper and 70-30 
alpha brass (68.36 pct Cu, 0.005 pct 
Pb, 0.01 pct Fe, 31.62 pct Zn remainder) 
were rolled to a thickness of 0.350 in., 
milled to specimens 0.350 & 0.437 X 2 
in., and annealed at 700°C to an aver- 
age grain size of 0.065 and 0.090 mm, 
respectively. These specimens of each 
metal were then rolled 50 pct reduction 
in thickness and annealed one hour 
under conditions which were all com- 
binations of the following: 


Rolling Annealing 
Temperatures, Temperatures, 
°C ce: 
—70 400 
25 500 
200 600 


Standard metallographic techniques® 
were used to prepare specimens. By 
the method of lineal analysis’ using a 
minimum of ten samples of fifty grains 
each for each specimen, the ratios of 
twins* per total grains, twins per 
twinned grain, twin families* per total 
grains and twins per twin family were 
determined. Recrystallized grain size 
was determined by A.S.T.M. com- 
parison methods.’ All observations 
were made on the rolling plane. 

The results are tabulated in Table 1. 


* Twins were counted as the number of dis- 
tinguishable twins on the polished surface even 
though many of them were parallel. Twin families 
were counted as the number of different twin 
directions in a grain, a maximum of four. 
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Table 1. . . Annealing Twins in Rolled and Recrystallized Copper and Alpha Brass 


Rolling Temperature.............. —70°C 25°C 200°C 
Annealing Temperature............ 400°C 500°C 600°C 400°C 500°C 600°C 400°C 500°C 600°C 
Copper 
F : 5 
Twins per total grains............. 0.95 + 0.04/0.95 + 0.04/1.08 + 0.05/1.04 + 0.08/1.14 + 0.05/1.11 + 0.05/1.11 + 0.07|1.14 + 0.07]1.06 + 0.0 
Twins per twinned grains... |. _|1.65 + 0.05/1.67 + 0.05/1.58 + 0.05|1.78 + 0.09|1.69 + 0.06|1.68 + 0.03/1.82 + 0.08/1.82 4 0.07/1.65 + 0.09 
Twin families per total grains... 0.70 + 0.01|0.65 + 0.02|0.76 + 0.03/0.68 + 0.04/0.75 + 0.02|0.78 + 0.02/0.70 + 0.03/0.71 + 0.03/0.73 + 0.0 
Twins per family................. 1.35 £ 0,051.46 + 0.04/1.41 + 0.03|1.55 + 0.06/1.52 + 0,041.43 + 0.03]1.56 + 0.05/1.62 + 0.05/1.46 + 0.05 
Grain Sizes ssreerrrcis eases 0.025 0.035 0.045 0.035 0.035 0.045 0.045 0.045 0.045 
Brass 
Twins per total grains.............|6.30 + 0.28/5.85 + 0.25/2.03 + 0.08/6.17 + 0.26/7.20 + 0.23/1.87 + 0.07/6.88 + 0.23/7.56 + 0.37 1.90 + 0.07 
Twins por twinned grains..........|6.70 + 0.26]/6.25 + 0.20/2.23 + 0.07/6.86 + 0.25/7.61 + 0.23)2.08 + 0. 08/7.58 + 0.24/7.90 + 0.40/2.16 + 0.06 
Twin families per total grains...... 1.83 + 0.04/1.84 + 0.05/1.24 + 0.03/1.74 + 0.03/2.01 + 0.03/1.21 + 0.03/1.83 + 0.03]1.99 + 0.04 1.26 + 0.05 
‘Ewinssper teamilliy: 0 owe o Siete 2.44 + 0.11/3.16 + 0.10]/1.64 + 0.03/3.51 + 0.08/3.59 + 0.10]1.52 + 0.04/3.79 + 0.11/3.79 + 0.19/1.51 + 0.03 
GHAINASIZEN DAM hysscncteaieeereke oe 0.015 0.025 0.090 0.025 0.025 0.090 0.025 0.035 0.090 
‘Discussion of Results faults form more readily in 70-30 alpha _ encies toward annealing twin formation 


brass than in copper. Thus the tend- 
From Table 1 the following observa- ency to form annealing twins is a direct 
tions are apparent: function of the elastic anisotropy of 
1. Under similar conditions of rolling the metal (that is, brass is more aniso- 
and annealing, more annealing twins tropic than copper). This can be extra- 
are found in 70-30 alpha brass than in polated to aluminum, which is nearly 
copper, both from the standpoint of isotropic and in which annealing twins 
total number of twins and number of possibly have not been observed. 
twin families. It suggests that twin faults form more 
2. In the case of copper, the various _ readily if the elastic modulus normal to 
twin ratios are essentially independent the slip plane is significantly larger 
of the annealing temperature as sug- than that parallel to it. 
gested by Smith. Observations (2) and (4) suggest that 
3. In the case of 70-30 alpha brass, in copper there is a tendency for twin- 
significantly fewer twins were formed free grains to grow at the expense of 
at the highest annealing temperature grains containing twins, particularly 
under all rolling conditions. However, those with few twins. Observations 
it was noted that a large number of (3) and (4) suggest that in alpha brass 
nearly spherical grains survived at this many twins form at lower annealing 
temperature, again in accordance with temperatures (as reported by Maddi- 
the suggestions of Smith.! gan and Blank,® but that the twins 
The tendency toward forming coalesce within the grains at higher 
annealing twins is slightly but proba- temperatures (600°C). This coales- 
bly not significantly less for lower tem- cence apparently starts when the 
peratures of deformation. grains have grown sufficiently to ap- 
4. In the case of copper, by:compar- proach a spherical shape. 
ing twins per total grains with twins While more twin faults may have 
per twinned grains, it appears that formed at lower deformation tempera- 
after the 600°C anneal there were about tures, in these experiments a propor- 
the same number of twins per grain  tionately larger number of them did not 
but significantly more twin-free grains grow to annealing twins. Possibly the 
than after the 400 and 500°C anneals. increased activity of the atoms at the 
In the case of brass there were signi- annealing temperature permitted most 
ficantly fewer twins per grain but about of the twin faults to be absorbed. 
the same number of twin-free grains at 
600°C. 
Observation (1) suggests that twin 70-30 alpha brass has greater tend- 


Summary 
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than copper. The twins per grain ratio 
is essentially constant for copper and 
70-30 alpha brass over a wide range of 
deformation temperatures and anneal- 
ing temperatures, except for the alpha 
brass at 600°C where an appreciable 
reduction in this ratio was found. 
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Introduction 


Annealed, polycrystalline, low car- 
bon steel exhibits a phenomenon known 
as the “‘yield point.” If such a steel is 
loaded in tension, the load increases 
steadily with elastic strain, drops sud- 
denly, fluctuates about some constant 
load value for a time and thenrises with 
further strain. The load at which the 
sudden drop occurs is called the “‘ upper 
yield point’”’; the load-at which defor- 
mation proceeds at constant load is 
known as the “lower yield point’’; 
the amount of elongation at constant 
load is termed the “yield point 
elongation.” 

Deformation which occurs during the 
yield point elongation is heterogeneous 
in nature, deformed metal existing next 
to undeformed metal. The drop in load 
from the upper yield point is concurrent 
with the formation of a band of de- 
formed metal which usually appears at 
a stress concentration such as a fillet 
and at an angle of approximately 45° 
with the direction of pull. As deforma- 
tion proceeds during the yield point 
elongation, the deformed region grows 
until the entire specimen has been 
strained an amount equal to the strain 
in the first band. 

A phenomenon very often associated 
with the yield point is that of strain 
aging. Aging in steels may be of two 
types: quench aging, or precipitation 
hardening, and strain-aging. Strain 
aging differs from precipitation harden- 
ing in that if the metal is merely 
strained instead of given a solution an- 
neal and quenched, it then undergoes 
changes in properties similar to those 
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observed in quench aging. 

The yield point effect and strain 
aging are most markedly exhibited by 
low carbon steel, but have been ob- 
served in other alloys. Numerous ex- 
planations for the mechanisms of both 
phenomena have been advanced, but 
the evidence for the acceptance of any 
of the hypotheses is incomplete. One 
of the explanations of the yield point 
phenomenon frequently proposed is 
that there exists a honeycomb of grain 
boundary material that supports the 
load above the yield strength of the 
ferrite and that when this network 
ruptures, the ferrite flows with no in- 
crease in load. This notion was first ad- 
vanced by Dalby! in 1913 and has been 
since put forward in more concrete 
form by many investigators. The test- 
ing of this hypothesis was, in part, the 
object of the present investigation. 
Similarly, the mechanism by which 
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strain aging occurs remains to be ex- 
plained. Presumably, it is a precipita- 
tion hardening phenomenon similar to 
quench aging, the precipitation being 
initiated by strain. However, it is not 
known whether the process is a solution 
and precipitation effect or a change in 
solubility due to strain. 

One obvious method of determining 
whether or not the yield point is a 
grain boundary phenomenon is to de- 
termine if single crystals exhibit a 
yield point. Low and Gensamer? have 
shown that carbon and nitrogen are 
responsible for the yield point and 
aging in steel and that these effects can 
be eliminated by the removal of these 
elements through wet hydrogen puri- 
fication. Single crystals that have been 
grown in wet hydrogen treated mate- 
rial must then be recarburized or re- 
nitrided in order to evaluate the effect 
of grain boundaries. In the present 
investigation, single crystals of iron 
which had been annealed in wet hydro- 
gen to remove the carbon and nitrogen 
were cut into two specimens having the 
same orientation with respect to the 
tension axis. Of these, one specimen 
was pulled in tension in the wet hydro- 
gen treated state and the other was 
carburized or nitrided and tested sim- 
ilarly. All the crystals were examined 
for a yield-point and strain aging. 

The grain boundary hypothesis for 
the explanation of the yield point in 
steel has been tested only indirectly 
previously. Arrowsmith,? Andrew and 
Lee,‘ Edwards and Pfeil, ® Fell, ® Ludwik 
and Scheu,’ Winlock and Leiter’ and 
others found a decrease in proportional 
limit and yield point effect with an in- 
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FIG 1—Orientations of the single crystals. 


Checks were made on Crystals 6 and 7. 


crease in grain size. Edwards and 
Pfeil® did not find a yield point in a 
single crystal of hydrogen purified mild 
steel, but the carbon and nitrogen were 
probably absent in their crystals. 
Single crystals of iron grown in wet 
hydrogen purified mild steel were 
tested under dead weight loading by 
Gensamer and Mehl? who found that 
at stresses at which yielding occurs, the 
rate of elongation is initially low, then 
increases, and finally decreases to zero. 
They point out that this behavior will 


be observed in material whose flow 
curve shows a drop in load at yielding. 
Gensamer?® tested similar crystals in a 
conventional tension testing machine; 
*these crystals showed no drop in load 
but the initial plastic elongation took 
place at substantially constant load. 
These crystals had not had all of 
the carbon and/or nitrogen removed. 
Holden and Hollomon" in an investiga- 
tion contemporaneous with the present 
one found no yield point in carburized 
or nitrided single crystals of iron. A 
point-by-point comparison of the ex- 
perimental procedures used in the two 
investigations reveals the following 
principal differences: 

1. Holden and Hollomon’s crystals 
were made from aluminum killed stock 
while those of the present investigation 
were made from silicon killed material. 
The presence of an excess of aluminum 
might conceivably affect the behavior 
of nitrided single crystals by combining 
with the nitrogen but would not be 
expected to have a similar effect in the 
case of carburized crystals. 


5 
SPECIMEN 
FULLSIZE 


FIG 2—Grips used in single crystal tension tests. 
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FIG 3—Stress-strain in curves for polycrystalline specimens 11 and 23. 
As wet hydrogen treated. 
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2. Holden and Hollomon used }-in. 
ga. length SR-4 strain gauges for 
measuring strain while the present 
authors used l-in. Tuckerman gauges. 
The shorter gauge length used by 
Holden and Hollomon would tend to 
obscure the ‘“‘drop in load” feature of 
the yield point, but the ‘‘strain at con- 
stant load” portion should have been 
observed if present. 

3. Holden and Hollomon’s single 
crystals were slowly cooled following 
carburizing and nitriding, whereas the 
present authors’ were air cooled. There 
is nO apparent reason why this differ- 
ence in cooling rate should lead to 
the reported differences in yielding 
behavior. 

Up to the present time, no satis~ 
factory explanation has been found 
for the differing results of the two 
investigations. 


Experimental Procedure 


The single crystals used in this in- 
vestigation were prepared at Carnegie 
Institute of Technology by the strain- 
anneal method and are similar to the 
crystals which were used in the investi- 
gation of Gensamer and Mehl? dis- 
cussed earlier. Details of their fabrica- 
tion can be obtained from their paper. 
The bar stock from which the crystals 
were grown contained 0.36 pct Mn, 
0.010 pet P, 0.025 pct S and 0.09 pct 
Si and it is to be expected that the 
single crystals contained substantially 
the same amounts of these elements. 

Six crystals were used in the present 
investigation, all of which were ini- 
tially in the form of 3g in. diam round 
bars. No X ray examination for crystal 
perfection was made; however, macro- 
scopic examination after etching to 
develop etch-pits did not reveal any 
occluded crystallites or evidence of 
gross crystal imperfections. 

The crystals were found to contain 
0.003 pet carbon when analyzed by the 
low pressure vacuum fusion method; 
hence it was not known if they had 
been adequately decarburized to elimi- 
nate the yield point and strain aging 
since this amount of carbon lies near 
the limit found by Low and Gensamer 
for these two characteristics in poly- 
crystalline specimens. Therefore, fur- 
ther wet hydrogen treatment was 
performed on the crystals after ma- 
chining into tensile specimens for this 
investigation. 

The orientations of all the crystals 
were determined and the orientations 
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of the tension specimen axes are 
plotted in the stereographic triangle of 
Fig 1. The method used to determine 
orientations was similar to the etch pit 
technique described by Barrett and 
Levenson.!? Since the success of this 
investigation depended on the fact that 
the specimens being compared were 
cut from the same single crystal and, 
therefore, had the same orientation it 
was not essential that the orientation 
be determined with a high degree of 
accuracy. 

Each of the single crystal bars was 
sawed in half longitudinally and two 
halves ground flat to give two speci- 
mens having the same orientation with 
respect to the tension axis. The speci- 
mens consisted of simple rectangular 
prisms with no reduced section. The 
dimensions of the specimens before 
testing varied from 0.1505 in. to 
0.3036 in. wide by 0.0416 in. to 0.0578 
in. thick. The length of the specimens 
between the grips varied from 154¢ in. 
to approximately 21% in.; the distance 
between grips was the same for all 
specimens from a single crystal. All of 
the specimens were composed of a 
single crystal between the grips except 
the specimens of Crystal 2 which had a 
grain boundary about 34 in. from one 
grip. In this case the knife edges of the 
extensometer did not contain the grain 
boundary between them but were 
placed entirely on one crystal at least 
44 in. away from the grain boundary. 
The results obtained on Crystal 2 are 
consistent with those for the other 
crystals. 

After machining, the specimens were 
heated to 720°C in tank hydrogen, then 
held for the amounts of time shown in 
Table 1 in an atmosphere of hydrogen 
containing water vapor in the percent- 
ages noted in the same table, and air 
cooled. The flow rate of gas through the 
furnace was 2 cfhr which is equivalent 
to a linear flow rate of 0.037 fps. The 
specimens after cooling in air were 
coated with a thin oxide film; this 
was removed in 10 pct HNO3;. In some 
cases there was a layer of fine crystals 
on the specimens caused by recrystalli- 
zation of the machined (cold worked) 
surfaces. These fine crystals were re- 
moved by alternately etching in 10 pct 
HNO; and grinding, using extremely 
light passes. 

It can be seen in Table 1 that not all 
the crystals received identical wet 
hydrogen treatments. Since it was ob- 
served in the cases of Crystals 2, 3 and 
4 that a slight yield point indication 
was obtained on the uncarburized 
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FIG 4—Composite stress-strain curves for polycrystalline specimens 11 and 23. 
As wet hydrogen treated. 


Table 1... Wet Hydrogen Treat- 


ments of Single Crystals 
Temp.—720°C; linear flow rate—0.037 fps 


Time of 
A Ech Vol. Pct H2O 
Hr 
2,3, and 4 634 10 (saturator at 46°C) 
6 814 3 (saturator at room tem- 
perature) 
5 and 7 814 3 (saturator at room tem- 
+ perature) 
11% 10 (saturator at 46°C) 


specimen in the test after aging it was 
desirable to learn if longer treatments 
would reduce the carbon and/or nitro- 
gen to the level of complete elimination 
of yield point indications either before 


or after aging. The treatment in which 
the saturator was at room temperature 
was a mistake. The furnaces used for 
all the heat treating were of the ni- 
chrome wound electric resistance type 
with a Sillimanite tube as the heating 
chamber. 
One of the specimens cut from Crys- 
tals 2, 3, and 4 was heated to 700°C 
in tank hydrogen, then held for 10 
min. in an atmosphere of hydrogen 
saturated with normal heptane at 22°C 
(this will yield a mixture containing 
about 5 pct heptane), and air cooled. 
These conditions and short carburizing 
time were chosen to prevent the intro- 
duction of a second phase in the crys- 
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. FIG 5—Stress-strain curves for polycrystalline carburized specimens 10 and 12. 
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FIG 6—Composite stress-strain curves for polycrystalline carburized specimens 10 and 12. 
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FIG 7—Stress-strain curves for polycrystalline nitrided specimens 14 and 22. 


Table 2... . Mechanical Properties and Chemical Analyses of Carburized, 
Nitrided and As-hydrogen-purified Polycrystalline and Single Crystal 


Specimens 
Pct Which Car- 
Yield Stress at| burization or 

Crystal or Strength Pct Nitriding Pet Pct Carbon Pct 

Specimen Condition si - ’?) Strain Raised the Strain (Duplicate Nit id Ss 

Number 103 Psi < Stress-strain Aging Analyses) nogen 

103 Curve at 4 Pct 
Strain 

Single Uncarburized 10.0. 13.0 0 0.002) 0.602 
Crystal 2 Carburized 12.0 15.0 15 10 0.005| 0.005 
Single Uncarburized 10.5 ASS 0 0.002} 0.002 
Crystal 3 Carburized 11.5 14.0 p4 im 0.005) 0.005 
Single Uncarburized 10.0 14.0 : 0 
Crystal 4 Carburized 1255 15.0 ¢ 13 
Single Not nitrided 8.5 11.0 4 0.0004 
Crystal 5 Nitrided 12.0 14.0 page a bd 0.0070 
Single Not nitrided 16.0 17.0 9 
Crystal 6* Nitrided 18.0 19.5 15 18 
Single Not nitrided 125 F5R5 0 0.0004 
Crystal 7 . Nitrided 14.0 16.5 [6 24 0.0070 
Polycrystalline | As wet He 9.0 26.0 0 0.002} 0.002 
Specimen 11 treated 
Polycrystalline | As wet H2 9.0 26.0 0 0.0007 
Specimen 23 treated ; 
Polycrystalline | Carburized 29.5 32.5 25 AG 
Specimen 10 
Polycrystalline Carburized 28.0 31.0 19 17 0.010} 0.011 
Specimen 12 
Polycrystalline | Nitrided 28.5 33.5 29 17 0.0140 
Specimen 22 
Polycrystalline Nitrided 26.0 30.5 17 18 
Specimen 14 


* The specimens cut from this crystal were given insufficient wet hydrogen purification. 
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tals. The flow rate of gas through the 
furnace was 1.5 cfhr or 0.028 fps. 

To make certain the carburization 
was effective, control specimens of wet 
hydrogen purified polycrystalline low 
carbon rimmed steel (ASTM grain size - 
8) were treated with the single crystals. 
The control specimens had been cut 
from 0.036 in. sheets previously wet 
hydrogen purified at 720°C for 4 hr 
and known to be free of either a yield 
point or aging. Specimens adjacent to 
the control specimens in the original 
wet hydrogen treated sheet were tested 
in tension and examined for yield point 
and strain aging. From the stress-strain 
curves reproduced in Fig 3, 4, and 5, 
it is evident that the control specimens 
had received sufficient purification to 
eliminate the yield point and strain 
aging and that if they exhibited these 
effects after carburization they were 
due to that carburization. The poly- 
crystalline specimens were standard 
ASTM sheet specimens. Air cooling 
after carburization produced a scale on 
the specimens which was removed with 
10 pet HNO. No recrystallization, due 
to carburizing, could be observed on 
the etched specimens. 

The train used for nitriding was as 
follows: Tank hydrogen — CaCl, — 
empty Erlenmeyer flask at liquid air 
temperature — activated charcoal at 
liquid air temperature — liquid NH; 
saturator at —77°C — nitriding fur- 
nace. The CaCl, and liquid air trap 
were driers; the activated charcoal at 
— 190°C was necessary for the removal 
of hydrocarbons present in tank hydro- 
gen;? the ammonia saturator was 
maintained at —77°C to keep the con- 
centration of ammonia in the hydrogen 
low enough (6 pct) to prevent the for- 
mation of iron nitrides.!3 A venturi type 
flow meter between the hydrogen tank 
and the CaCl, drier indicated the flow 
rate which was maintained at 1.5 cfhr 
or 0.127 fps. The nitriding procedure 
was as follows: The single crystal 
specimens and, as in the case of car- 
burization, the polycrystalline control 
specimens were placed in the cold fur- 
nace; dried-ammonia vapor was intro- 
duced into the saturator where enough 
was condensed for one run; the speci- 
mens were heated to 500°C in hydrogen 
passing through the above train but 
by-passing the ammonia saturator; 
once at temperature the saturator was 
cut into the system by a suitable ar- 
rangement of glass T’s and pinchcocks. 
Nitriding proceeded for 3 hr at 500°C 
after which the specimens were air 
cooled. This produced a light scale 
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whieh was removed in 10 pct HNOs. 
No recrystallization, due to nitriding, 
could be observed on the etched 
specimens. 

Tensile tests were made on a Bald- 
win-Southwark 60,000 lb hydraulic 
machine with an Emery weighing sys- 
tem. Load readings were taken on the 
1200 lb range dial of the machine to 
the nearest pound. The rate of head 
movement on all tests was approxi- 
mately 0.0022 in. per min. Elongations 
up to about 1.6 pct were measured 
with a Tuckerman optical extensometer 
on a | in. ga length with a precision 
of 2 X 10-6 in. per in. Light punch 
marks were placed 1 in. apart on the 
single crystals and 2 in. apart on‘ the 
polycrystalline specimens; elongations 
greater than 1.6 pct were then mea- 
sured to the nearest 0.01 in., using 
dividers. 

Axiality of loading was achieved 
through the use of modified Robertson 
‘Shackles wherein the load is applied at 
the point of contact between a har- 
dened steel plane and a steel ball. That 
part of the shackle which contained 
the threaded end of the specimen, 
adapter or grip could be shifted-in rela- 
tion to the stress axis by means of 
positioning screws thus correcting for 
any eccentricity in the system. A test 
for axiality is the requirement that 
upon a change in load in the elastic 
range all four sides of the specimen 
elongate or contract the same amount. 
In this investigation the specimens 
were aligned to the extent that, upon a 
change in load in the elastic range, the 
changes in length of any two opposite 
sides were within 6 pct of each other. 

The polycrystalline specimens were 
gripped in Templin sheet grips. A 
special set of grips was used for the 
single crystals; these are illustrated in 
Fig 2. The specimen was fastened in 
the grips with the latter out of the 
tensile machine; the complete assembly 
as shown in Fig 2 was then transferred 
to the testing machine, with great care 
being exercised to avoid bending of the 
_specimen. 

The single crystals before testing had 
all been etched in 10 pct HNO;. The 
only difference in treatment of the two 
specimens cut from any single crystal 
was the carburization or nitriding 
treatment. All crystals were strained 
5.0 pet, the load removed and the 
specimen (still in the grip assembly) 
was placed immediately in an oven at 
200°C for 3 hr after which they were 
pulled again and examined for strain 
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FIG 8—Composite stress-strain curves for polycrystalline nitrided specimens 14 
and 22. 
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FIG 9—Stress-strain curves for single crystal 2. 


aging and yield point.* The polycrys- 
talline specimens, with one exception, 
were strained 10 pct before aging. In all 
cases, the amount of strain applied 
before aging was sufficient to pass 
through the yield point; that is, the 
load-elongation curve was rising stead- 
ily at the time the load was released. 


The amount by which the curve is_ 


raised by the aging treatment is a 

measure of the extent of strain aging. 

This was expressed as a percentage de- 

termined as follows: 

A-—B 
B 


where A is the yield strength in the test 


x 100 


Pct strain aging = 


* Davenport and Bain!t and Kenyon and 
Burns! have shown that a marked increase in 
hardness occurs at this temperature in not too 
long an interval of time; further, that the curve 
of hardness vs. time has a flat maximum so that 
some variation in time of aging will not appreci- 
ably influence the results. 


after aging and B is the stress at the 
time the load was released in the initial 
test. An exception was made in the case 
of the polycrystalline specimens as wet 
hydrogen treated. The yield strength 
in the test after aging was actually 
lower than the stress at which the load 
was released before aging. This was due 
to recovery during aging. These speci- 
mens are indicated in the results as 
having shown ‘“‘zero”’ per cent strain 
aging. The yield strength was defined as 
the stress at which extensive plastic 
flow began; where a drop in load or 
constant load elongation was exhibited 
the stress at the lower yield point or at 
the level of constant load elongation 
was taken as the yield strength. As 
an arbitrary measure of the height of 
the flow curve after some strain, the 
stress at 4 pct strain was used. The ef- 
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FIG 10—Composite stress-strain curves for single crystal 2. 
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FIG 11—Stress-strain curves for single crystal 3. 


fect of carburization or nitriding on 
the load-elongation curve is expressed 
as the percentage by which the treat- 
ment raised the stress at 4 pct strain. 
In the foregoing definition of terms the 
stress was computed to the nearest 500 
psi based on the initial cross-sectional 
area. Microscopic examination of car- 
burized and nitrided single crystals 
showed no evidence of a second phase. 


Experimental Results 


Stress-strain curves for the poly- 
crystalline specimens are reproduced in 
Fig 3 to 8 and for the single crystals in 
Fig 9 to 20. 

Some of the data derived from the 
stress-strain curves as well as carbon 
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and nitrogen analyses are tabulated in 
Table 2. 


Discussion of Data 


Examination of the stress-strain 
curves for the polycrystalline specimens 
(Fig 3 to 8) reveals results consistent 
with those found by Low and Gen- 
samer.? Wet hydrogen purified mate- 
rial exhibited no yield point either in 
the initial stress-strain curve or in the 
test following aging. Further, no strain 
aging was observed. Carburizing at 
700°C for 10 min. in hydrogen bearing 
5 pct of normal heptane was sufficient 
to restore the upper yield point and 
some 3 pct constant load elongation at 
the lower yield point. The specimens 


exhibited 17 pct strain aging and pro- 
nounced upper yield points in the test 
after aging. Nitriding at 500°C for 3 
hr in hydrogen bearing 6 pct of am- 
monia had similar effects. These 
specimens exhibited upper yield points 
and approximately 2 pct constant load 
elongation. About 17 pct strain aging 
is observed and in the test following 
aging there is a constant load elonga- 
tion of 2 pct; one specimen also ex- 
hibited an upper yield point in this test. 
Specimens from three single crystals, 
2, 3 and 4, were carburized. The un- 
carburized specimens from Crystals 2, 
3 and 4 in every instance exhibited the 
following behavior: no upper yield 
point in the initial test nor in the test 
after aging; practically no constant 
load elongation in the initial test but 
0.5 pet constant load elongation in the 
test after aging; no strain aging. The 
0.5 pet of constant load elongation in 
the test after aging is consistent with 
the information reported by Edwards, 
Jones and Walters’® and Edwards, 
Phillips and Liu!’ that low carbon 
steels given prolonged wet hydrogen 
treatment followed by slow cooling 
gave no yield point indication; the 
same samples after straining and aging 
gave a pronounced yield point. It was 
this information plus similar data for 
nickel, silver and copper age hardening 
alloys that led them to conclude that 
the yield point is caused by precipita- 
tion of a solute on slip planes. 
Examination of the stress-strain 
curves of the carburized specimens of 
Crystals 2, 3 and 4 reveals the following 
information: strain aging is exhibited 
in every instance; Crystals 3 and 4 
show a drop in load in the initial curve 
and Crystal 2 shows a drop in load in 
the test after aging; in the initial part 
of the curve obtained in the test after 
aging Crystals 3 and 4 show a low 
slope which rises as the test proceeds. 
In summary, the uncarburized speci- 
mens of Crystals 2, 3 and 4 exhibit 
neither strain aging nor yield point 
phenomena except in the tests after 
aging where a slight constant load 
elongation was observed; the car- 
burized specimens all show yield point 
indications in the initial loading as well 
as strain aging. Every specimen showed 
greater yield point indications in the 
test after aging than before aging. 
Specimens from single Crystals 5, 6 
and 7 were nitrided and the yield point 
and strain aging characteristics com- 
pared to non-nitrided specimens from 
the same crystals. It should be noted 
in Table 1 that the specimens cut from 
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Crystal 6 received insufficient wet 
hydrogen purification; this is evident 
from the yield strength and the stress 
level of the flow curve of the non- 
nitrided specimen. The non-nitrided 
specimens of Crystals 5 and 7 exhibited 
behavior similar to the non-carburized 
specimens of Crystals 2, 3 and 4 except 
for a drop in load in the initial test of 
Crystal 5. Examination of the stress- 
strain curves for the nitrided specimens 
reveals the following information: 
strain aging is exhibited in all instances, 
a greater amount of strain aging being 
observed in the nitrided specimen of 
Crystal 6 than in the non-nitrided 
specimen; a pronounced drop in load 
is observed in the test of Crystal 5 
after aging; some constant load elonga- 
tion is exhibited in most of the tests, 
the test of Crystal 6 after aging show- 
ing a gradually decreasing load for 
some 4 pct elongation after which the 
load rises with strain. 

In summary, with the exceptions of 
the specimens cut from Crystal 6 which 
received insufficient wet hydrogen puri- 
fication and a slight drop in load in the 
initial test of Crystal 5, the non-ni- 
trided specimens showed no strain 
aging and no yield point effects while 
the nitrided specimens exhibit both 
phenomena. In the case of the excep- 
tions noted more strain aging and yield 
point effect were observed in the 
nitrided specimens than in the non- 
nitrided. With one exception, greater 
indication of yield point behavior was 
exhibited in the test after aging than 
in the test before aging. 

Addition of carbon or nitrogen had 
the same action, that is, to produce 
yield point effects and strain aging in 
single crystals of iron where they did 
not previously exist or increase these 
effects where they had_ previously 
existed. Aging a strained specimen, 
whether in the wet hydrogen purified 


state or carburized or nitrided, gave a - 


greater yield point effect than in the 
original test. 

There appeared to be no correlation 
between orientation and yield point 
behavior. A satisfactory examination of 
such a correlation would require a 
much larger number of specimens than 
was used in this investigation. 

Microscopic evidence showed no 
evidence of a second phase either in 
the carburized or nitrided crystals. The 
carburized crystals contained 0.005 pct 
carbon and the nitrided crystals 0.007 
pct nitrogen (see Table 2). The higher 
carbon and nitrogen contents (0.010 
pet and 0.014 pct respectively) of the 
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FIG 12—Composite stress-strain curves for single crystal 3. 
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FIG 13—Stress-strain curves for single crystal 4. 
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FIG 14—Composite stress-strain curves for single crystal 4. 


carburized and nitrided polycrystalline while the single crystals were some- 
specimens result from the fact that what thicker (over 0.050 in. for the 
these specimens were 0.036 in. thick carburized crystals and about 0.043 in. 
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FIG 15—Stress-strain curves for single crystal 5. 
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FIG 16—Composite stress-strain curves for single crystal 5. 
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FIG 17—Stress-strain curves for single crystal 6. 


for the nitrided crystals). The nitrogen 
analyses indicate that the polycrystal- 
line specimens may have had higher 
nitrogen contents as purified than the 
single crystals. The presence of grain 
boundaries may have influenced the 
diffusion coefficient of carbon or nitro- 
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gen in alpha-iron; whether they do or 
to what extent is not known.18 

In the light of the present data the 
grain boundary hypothesis as stated 
previously for the explanation of yield 
point behavior becomes untenable. 
Definite yield point effects have been 


observed in single crystals. These ef- 
fects are not as marked in the single 
crystals as they are in the polycrystal- 
line specimens. Further, it has been 
demonstrated that single crystals which 
have been strained and aged show . 
greater yield point indications after 
aging than before aging. This observa- 
tion supports the hypothesis of Ed- 
wards, Phillips and Liu’’ that the yield 
point is due to precipitation of solute 
on slip planes. Further evidence in 
favor of this hypothesis is the fact that 
mild steel as quenched exhibits no 
yield point but will do so if allowed 
to age at room temperature.’!° It is 
suggested by the present authors that 
the material responsible for the yield 
point is in either one of two states: 
first, a transition state between solu- 
tion and discrete second phase or, 
second, has just precipitated in a fine 
dispersion and has not had sufficient 
time to agglomerate. The first possi- 
bility is analogous to the transition 
phase which causes maximum hardness 
in quench aging. The second possibility 
was suggested by Edwards et al. 

The observation is cited above that 
the single crystals did not exhibit yield 
point behavior to as great a degree as 
the polycrystalline specimens. It is 
possible that, as in quench aging, 
precipitation takes place preferentially 
at slip planes and/or grain boundaries, 
the latter being the more powerful in 
promoting yield point behavior. This 
would explain an increasing yield point 
effect with decreasing grain size as 
found by numerous investigators. 


Conclusions 


1. A yield point (drop in load and 
elongation at constant load) has been 
found in single crystals of iron contain- 
ing small amounts of carbon or nitro- 
gen. The yield point in polycrystalline 
iron is therefore not due to the presence 
of a grain boundary film as has been 
frequently suggested. 

2. Strain aging is observed in single 
crystals of iron containing small 
amounts of carbon or nitrogen. The 
yield point effect is increased by strain 
aging in single crystals just as it is in 
polycrystalline irons. 
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FIG 18—Composite stress-strain curves for single crystal 6. 
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FIG 19—Stress-strain curves for single crystal 7. 
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FIG 20—Composite stress-strain curves for single crystal 7. 
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The Effect of Oxygen. Nitrogen. and 
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Oxygen, nitrogen, and hydrogen are 
known to be absorbed by titanium at 
elevated temperatures. Ehrlich! re- 
ports that about 30 at. pct oxygen can 
be dissolved in solid solution by alpha- 
titanium. Nitrogen also has a solid 
solubility in alpha-titanium, but there 
is no information as to its extent. The 
solid solubility of hydrogen in titanium 
also is high. Kirshfeld and Sieverts? 
report 50 at. pet soluble, while Hagg® 
reports about 33 at. pct hydrogen to be 
soluble in alpha-titanium. 

General statements are made in the 
literature that oxygen, nitrogen, and 
hydrogen embrittle titanium, but no 
quantitative measurements have been 
made of the effect of these gases on the 
mechanical properties of the metal. One 
reason for this is the lack of a source of 
titanium pure enough to be considered 
a suitable starting material. Iodide- 
refined titanium, made by thermal de- 
composition of titanium iodide vapor 
on an incandescent wire,* contains 
small amounts of carbon, silicon, iron, 
and aluminum, but is very low in oxy- 
gen, nitrogen, and hydrogen content, 
and, therefore, was used in this work. 

A further reason for the lack of 
quantitative information on the effect 
of these gases, particularly oxygen, is 
the difficulty of carrying out accurate 
analytical determinations at the low 
concentrations of interest in this work. 
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For this reason, the oxygen, nitrogen, 
and hydrogen were added in measured 
amounts as gases, and diffused into the 
titanium, to avoid the necessity of 
chemical analysis. 

The purpose of the work reported 
here was to isolate and measure the 
effects of oxygen, nitrogen, and hydro- 
gen on titanium of the highest purity 
available at the time. The concentra- 
tions studied were 0.25, 0.5, and 1 at. 
pct in each case. 


Experimental Work 


One-half of a 24-in. hairpin of iodide- 
refined titanium was available for this 
work. The rod was approximately 
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(.25-in. in diam and hada 0.003-in.tung 
sten core. From chemical and spectro- 
graphic analyses, the purity of the 
sample was estimated to be between 
99.80 and 99.95 wt pct. The chief im- 
purities (aside from the tungsten core) 
were iron (0.04 pct), silicon (0.0J-0.1 
pet), aluminum (0.05 pct), carbon 
(0.03 pet). The tungsten core consti- 
tuted 0.05 pct by weight of the sample. 
Although some alloying undoubtedly 
took place between the tungsten and 
the titanium during the deposition 
reaction, the core remained substanti- 
ally intact in the deposited metal. 

The initial average hardness of the 
titanium as deposited was 105 Vickers 
(10-kg load). The maximum hardness 
was 116 Vickers and the minimum 91 
Vickers. The metal was somewhat 
harder than that currently being ob- 
tained by the iodide process, that is, 
75-90 Vickers. 

The rod was cold swaged to 14-in. 
diam and then cold rolled in diamond 
shaped rolls to about 0.080-in. square, 
using reductions of 15 pct in area per 
pass. The 0.080-in.-square wire was cut 
into 6-in. lengths for the preparation of 
the alloys by the gaseous absorption 
and diffusion method. 


ADDITION OF OXYGEN, 
NITROGEN, AND HYDROGEN TO 
TITANIUM i 


A modified Sieverts’ absorption ap- 
paratus, shown in Fig 1, was used in 
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FIG 1—Gas-absorption and diffusion apparatus for pro- 
ducing alloys of iodide titanium with oxygen, nitrogen, and 
hydrogen. 


adding each of the gases to the titanium 
samples. 

Measured quantities of gas at known 
temperature and pressure were added 
to the evacuated system in each case, 
and the desired alloys were prepared by 
absorption and diffusion of the gas in 
the heated metal. 

The samples were pickled for about 
5 min. in hot, 10 pct sulphuric acid, 
then washed, dried, and rinsed suc- 
cessively in carbon tetrachloride, ab- 
solute alcohol, and acétone. 

The samples were weighed to 
+0.0001 g and then suspended in an 
induction furnace. A No. 34 B and S 
ga. platinum wire was used to hold the 
sample. 

The gas burette was flushed thor- 
oughly with the gas to be used and then 
filled. Pure oxygen was obtained by 
slowly heating a 4:1 (by weight) mix- 
ture of C.P. potassium chlorate and 
manganese dioxide. The oxygen was 
passed through ascarite to remove 
traces of carbon dioxide, and then 


through a dry-ice alcohol trap and 
magnesium perchlorate to remove 
water vapor. Tank nitrogen (99 pct) 
and tank hydrogen (99+ pct) were 
used as sources of those gases. Both 
were purified by being passed over cop- 
per turnings at 700°C and then dried in 
the same manner as the oxygen. 

After the sample was sealed in place, 
the apparatus was evacuated, filled 
with argon, and re-evacuated. This 
process was repeated, but the sample 
tube was flamed during the final evacu- 
ation to remove occluded gas. The re- 
quired volume of gas (calculated from 
the sample weight, barometric pressure, 
and temperature) was then admitted to 
the system from the burette and the 
pressure within the system redeter- 
mined. The induction-heating coil was 
energized, and the sample maintained 
at the desired temperature until the gas 
was completely absorbed. Additional 
*‘soaking”’ periods were used to obtain 
uniform distribution of the gas through 
the sample. 


Table 1. . . Identity of Specimens 


Data on the thermal treatment of the 
samples are summarized in Table 1. 
The oxygen was absorbed at 1000°C 
(observed temperature). Absorption 
was quite rapid and was virtually com- 
plete in 5-10 min. The samples were 
maintained at 1000°C for 60-80 min., 
however, to obtain uniform distribu- 
tion of the oxygen throughout the 
sample. 

The nitrogen was also absorbed at 
1000°C but the absorption rate was 
much slower, 1.5-2 hr being required 
for complete absorption at the higher 
concentrations. These samples were 
removed as soon as absorption was 
complete, and given separate diffusion 
treatments at 1075-1100°C in vacuo. 

Hydrogen, unlike nitrogen and oxy- 
gen, is absorbed reversibly, and at the 
higher concentrations, absorption takes 
place more rapidly at lower tempera- 
tures. At 650—700°C, concentrations up 
to one atomic per cent were completely 
absorbed in 2-4 min. Additional 
“soaking” periods were used as indi- 


Composition 
Speci- 
men | Addition Thermal Treatment 
No. ; At. 
Pet Wt Pct 
i! Control Zero Zero 60 min. 950-1070°C in vacuum 
12 Zero Zero 60 min. 995-1010°C in vacuum 
13 Zero Zero 60 min. 1090—-1125°C in vacuum 
ye Oxygen 0.27 0.0905 | 60 min. 1000°C in vacuum 
53 0.51 0.171 60 min. 1000°C in vacuum 
4 1.01 0.34 60 min, 1000°C in vacuum 
Tt Nitrogen | 0.245 | 0.0717 | 50 min. 1100—1110°C in vacuum * 
6 0.496 | 0.146 47 min. 1075°C in vacuum* 
5 0.996 | 0.293 90 min. eae in vacuum* 
10 Hydrogen | 0.27 0.00569 | 60 min. 10 : 
9 ee 0.50 0.0106 15 min. 1000°C, 15 min. 775—-800°C, 
30 min, 650—700°C __ 
8 0.99 0.021 30 min. 1000°C, 25 min. 900°C, 15 


min. 750°C, 60 min. 600—700°C 


Electrical 
Resistivity 
at 25.6°C 
Microbm-cm 


4.53 48.57 
4,52 47.7 
4.515 47.8 
4.52 50.4 
4.51 51.8 
4.515 55.6 
4.53 49.75 
4.53 52.95 
4.525 55.8 
4.56 47.2 
4.525 48.1 
4.515 47.8 


* This comprises only the diffusion treatment for the Ti-N specimens, and does not include the 


absorption treatment. 
7 Specimen 


iodide-refined titanium 
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No. 1 was i 
as pure as those specimens. The values of 47.7 and 47.8 microhm-cm probably are better 


harder than either Specimen 12 or 13, and, therefore, may not be considered 


values for 
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cated in Table 1 to insure complete 
diffusion. 


DISCUSSION OF ABSORPTION 


When large amounts of oxygen or 
nitrogen are admitted to the absorp- 
tion chamber, oxide or nitride films are 
formed, which act as barriers that re- 
tard the absorption process. Slow con- 
tinuous addition of these gases at low 
pressures, therefore, gives higher over- 
all absorption rates than step-wise 
additions at higher pressures. In the 
case of nitrogen, which is absorbed 
slowly, the last traces of gas may be 
only adsorbed, rather than absorbed, 
but if the sample is maintained at temp- 
erature for a few minutes, the adsorbed 
gas will diffuse into the metal. 

Hydrogen, unlike nitrogen and oxy- 
gen, is best absorbed at higher pres- 
sures, and, for higher concentrations 
than those reported here, the procedure 
should be modified to the extent that a 
measured fraction of this gas should 
be absorbed, rather than the entire 
addition. At higher hydrogen concen- 
trations, an appreciable equilibrium 
pressure of hydrogen is developed at 
temperatures where the absorption is 
quite rapid, and to take advantage of 
the rapid absorption at the higher 
temperatures, the hydrogen should be 
added at pressures up to one atmos- 
phere and the extent of the hydrogen 
absorption regulated by controlling th 
absorption time. 


Resistivity, Ohm-cmx 10 ® 


Atomic Per Cent 


FIG 2—Effect of oxygen, 
nitrogen, and hydrogen on 
the electrical resistivity of 
iodide titanium. 


The absorption technique used in 
this work provides an accurate method 
for adding precise quantities of hydro- 
gen, nitrogen, and oxygen to titanium, 
and where the limits of solid solubility 
are not exceeded, homogeneous alloys 
can be obtained in reasonable diffusion 
times. Weight changes obtained upon 
addition of these gases to the titanium 
check well with the calculated weights 
of the gases added. 

Since the amounts of gases added in 
this work were small, the evaporation 
of titanium did not introduce a signifi- 
cant error. The loss of titanium was 
insignificant in itself, and for short 


absorption times the absorption of 
gases by titanium vapor and volatilized 
titanium can be neglected. 

The specimens prepared were 6 
in. long and approximately 0.080-in. 
square. Their compositions and physi- 
cal condition are summarized in Table 
1. For convenience, in the rest of this 
report the nominal compositions, 0.25, 
0.5, and 1 at. pet, will be referred to, 
rather than the actual composition. 

From each 6-in. specimen, a length 
4.25 in. long was cut for determination 
of density, cross-section, and electrical 
conductivity. This was then cut into 
two pieces, one 3 in. long for a tensile 
test, and the other about 1 in. long for 
a cold-rolling test. The remainder of 
the original specimen was reserved for 
microscopic examination. 


DENSITY, RESISTIVITY 


Density at room temperature was 


’ measured by determining the displace- 


ment of the specimen, 4.25 in. long, in 
distilled water at a known temperature. 
Results of density measurements are 
tabulated in Table 1. The cross-sections 
of the specimens were determined by 
calculation from the weight, length, 
and density of the specimens. Resist- 
ance of a 3.5-in. length of the specimen 
was determined at 25.6°C (78°F) by 
means of a Kelvin bridge. Values of the 
electrical resistivity were calculated 
from the resistance, cross-section, and 
length, and are given in Table 1 


FIG 3—Unalloyed titanium. Unetched. 
1000 x. 
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FIG 4—Unalloyed titanium. Annealed at 
1000°C. 250 x. 


Figures reduced one-seventh in reproduction. 
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FIG 5—0.25 at. pct oxygen. Annealed at 1000°C. 250 x. 
FIG 6—0.5 at. pct oxygen. Annealed at 1000°C. 250 x. 
FIG, 7—1 at. pct oxygen. Annealed at 1000°C. 250 x. 


There is no significant change in the 
density of the alloys containing oxygen 
and nitrogen with alloy content. There 
may be a change in density with hydro- 
gen content, as indicated by the high 
value for the 0.25 at. pct H alloy in 
Table 1, but this is rather doubtful. 
Most of the densities fall between 4.51 
and 4.53, which are in excellent agree- 
ment with the values reported in the 
literature. 
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Figures reduced one-seventh in reproduction. 


A plot of the electrical resistivity 
data is shown in Fig 2. Both oxygen 
and nitrogen raise the resistivity of 
titanium to the same extent per atomic 
per cent, the increase in resistivity 
being almost linear. This is in agree- 
ment with the reported solid solubilities 
of these elements in alpha-titanium. 
Hydrogen to one atomic per cent does 
not appear to affect the electrical 
resistivity. 


The values of 47.8 X 10-* ohm-cm 
and 47.7 X 10-* ohm-cm found for the 
electrical resistivity at 25.6°C are in 
fair agreement with the value of 
47.5 X 10-§ ohm-cm at 20°C reported 
by van Arkel.® Using the value of the 
temperature coefficient of resistance 
given by van Arkel, 0.00425 per °C, 
the two experimental values become 
46.7 X 10-* ohm-cm and 46.6 X 10-° 
ohm-cm at 20°C. Magnesium-reduced. 
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FIG 8—0.25 at. pct nitrogen. Annealed at 1100°C. 250 x. 


FIG 9—0.5 at. pct nitrogen. Annealed at 1100°C. 250 x. 


FIG 10—1 at. pct nitrogen. Annealed at 1100°C. 250 x. 


titanium has an electrical resistivity 
at 20°C of 56 X 10-* ohm-cm, accord- 
ing to Dean, Long, Wartman, and 
Anderson,® and 55.4 < 10-® ohm-cm 
according to Greiner and Ellis.’ This 
higher resistivity is undoubtedly caused 
in part by dissolved oxygen and nitro- 
gen, as indicated here by the potent 
effect of these elements on the electrical 
resistivity. 
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Figures reduced one-seventh in reproduction. 


MICROSTRUCTURE 


Cross-sections and longitudinal sec- 
tions of each of the specimens were 
examined metallographically. No ap- 
parent lack of homogeneity was ob- 
served in the cross-sectional structure 
of any of the alloys, apart from the dif- 
fusion area around the tungsten core. 

Polishing was done on wool laps 


using 0-2-micron diamond abrasive 
suspended in carbon tetrachloride. In 
order to bring out a true structure on 
the titanium specimen and the softer 
of the alloys, it was necessary to polish 
and etch alternately three or four 
times to eliminate the worked surface. 
Etching was done by swabbing for 
5-10 sec with an etchant containing 3 
pet concentrated HNOs, 1.5 pct con- 
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FIG 11—0.25 at. pct hydrogen. Annealed at 1000°C. 250 x. 


FIG 12—0.5 at. pct hydrogen. Annealed at 700°C. 250 x. 
FIG 13—1 at. pct hydrogen. Annealed at 700°C. 250 x. 


centrated HF, balance water (volume 
percentages). 

In the as-polished condition, all of 
the specimens showed a number of gray 
inclusions. Fig 3 shows a typical field 
of these inclusions at 1000  magnifi- 
cation. The identity of these inclusions 
is not known. It is suspected that they 
may be titanium silicide. 

Unalloyed titanium in the condi- 
tion as cooled from 1000°C has the 
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Figures reduced one-seventh in reproduction. 


structure shown at 250 xX in Fig 
4. It consists of large plates of alpha- 
titanium arranged in a somewhat 
Widmanstattenic manner; the alpha 
plates probably formed along the 
octahedral planes of the high-tempera- 
ture cubic phase on cooling through the 
transformation temperature. 

The structures of alloys with 0.25, 
0.5, and 1 at. pct oxygen are shown in 
Fig 5, 6, and 7, respectively. The 


general effect of oxygen seems to be 
to refine the structure, making the 
plates of the alpha-titanium smaller, 
and the Widmanstatten arrangement 
more regular. 

The structures of the nitrogen- 
bearing alloys are shown in Fig 8, 9, 
and 10. The effect of nitrogen on the 
microstructure is to promote the forma- 
tion of needles of alpha titanium. This 
is a most interesting observation, be- 
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values for alloys of iodide titanium with oxygen, 


nitrogen, and hydrogen. 


cause this needle-like Widmanstatten 
structure is characteristic of most mag- 
nesium-reduced titanium that has been 
annealed above the alpha-beta trans- 
formation temperature. The conclusion 
may be drawn that the needle-like 
structure found in most less pure kinds 
of titanium is caused by nitrogen in 
solid solution. 

The structures of the hydrogen al- 
loys are shown in Fig 11, 12, and 13. 
The alloys containing 0.25 and 0.5 at. 
pet of hydrogen are not materially 
different from unalloyed titanium. 
They show large Widmanstatten plates 
of alpha-titanium. Origin of the mark- 
ings shown inside the grains in Fig 12 is 
not known. They may be transitional 
structures developed by the grinding 
and polishing-etching operations. Fig 
13, for the one atomic per cent hydro- 
gen alloy, shows an arrangement of line 
markings which resembles a Widman- 
statten precipitate. The origin of these 
marks is not known. It is doubtful that 
they are a second phase based on hy- 
drogen, because one atomic per cent is 
very far from the accepted solid solu- 
bility of hydrogen. Another peculiar 
thing about them is that they cross 
over grain boundaries in some cases. A 
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possibility is that they are a kind of 
deformation twin, originating in the 
preparation of the specimen for metal- 
lographic examination. 


MECHANICAL PROPERTIES 


Hardnesses were taken on a cross- 
section of each of the specimens to see 
whether there was any difference in 
hardness between the surface and cen- 
ter. The only specimen for which this 
condition existed was No. 6, 0.5 at. pct 
nitrogen. Here the surface had a hard- 
ness of 245 Vickers, and the center had 
a hardness of 170 Vickers. This may be 
associated with its shorter diffusion 
time of 47 min. at 1075°C. Specimen 
No. 5, one atomic per cent nitrogen, 
was diffused 90 min., at 1080°C, and 
was uniform from center to surface. 

A plot of the average cross-sectional 
hardness of the specimens versus their 
compositions is shown in Fig 14. 

Tensile tests were run on 3-in. lengths 
of each specimen, observations being 
made of ultimate tensile strength and 
per cent elongation in one inch. Results 
of these tests are shown in Fig 15. 

The hardness data for oxygen and 
nitrogen alloys are somewhat erratic, 
but indicate that oxygen and nitrogen 
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FIG 15—Tensile strength and elongation of alloys of iodide, 
titanium with oxygen, nitrogen, and hydrogen. 
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FIG 16—Work-hardening curves of iodide titanium and titanium-oxygen, titanium-nitrogen, and titanium- 


hydrogen alloys. 


Table 2. . . Cold Reductions Causing Edge Cracking 


sas Initial 
Specimen Se Beata Hardness, Rolled to, Per Cent HdeoiGracked 
No. Per (Cent Vickers Inch Reduction Se ACES 
(10-kg load) 
12 100 Ti 116 0.004 95 No 
2 0.250 164 0.004 95 No 
3 0.50 214 0.024 70 Yes 
4 10 242 0.032 60 Yes 
® 0.25 N 184 0.040 50 Yes 
6 0.5N 202 0.032 60 Yes 
5 1N 262 0. 046-0. 048 30-40 Yes 
10 0.25H 110 0.004 95 No 
9 0.5H 109 0.004 95 No 
8 1H 107 0.004 95 No 


harden titanium to about the same 
extent, with nitrogen possibly having 
a greater effect. The positions of oxygen 
and nitrogen are reversed at the 0.5 
at. pct composition, and it is believed 
that this is not the actual case. As was 
pointed out in previous discussion, the 
0.5 at. pct nitrogen alloy was incom- 
pletely diffused, and the soft center 
probably was given too much weight 
in the straight arithmetic average taken 
of the cross-sectional hardnesses. 
Hydrogen up to one atomic per cent 
does not increase the hardness of 
iodide titanium, and actually appears 
to decrease it slightly, although the 
apparent decrease may have been 
caused by hardness variations in the 
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iodide titanium rod itself. 

Nitrogen has a considerably greater 
strengthening effect on titanium than 
oxygen when added in concentrations 
of up to one atomic per cent, and 
correspondingly decreases the ductility 
to a greater extent. The hydrogen al- 
loys appear to be slightly stronger and 
more ductile than the titanium control 
specimens. Since the elongation of pure 
titanium is generally found to be closer 
to 40 pct in one inch, rather than the 
30 pct average found with the control 
specimens, the high ductilities of 
the hydrogen-containing specimens are 
more likely the result of specimen vari- 
ation rather than any interaction of 
hydrogen with the impurities in the 


titanium. Thermodynamic considera- 
tions indicate that reactions between 
hydrogen and the residual oxygen, 
nitrogen, or carbon in the titanium 
would not proceed to an appreciable 
extent under the conditions of prepara- 
tion of the hydrogen-containing alloys. 


COLD ROLLING 
CHARACTERISTICS 


One-inch lengths of each of the 
0.080-in.-square specimens were cold 
rolled at 0.001 in. per pass until edge 
cracking started, or to the minimum 
thickness the mill could roll, which was 
0.004 in. Surface Vickers hardnesses 
(10-kg load) were taken at steps of 10 
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pet reduction in thickness to 70 or 80 
pet reduction if the cold rolling could 
be carried that far. 

The reductions at which edge crack- 
ing became apparent are shown in 
Table 2 for the various specimens. 

Pure titanium and the Ti-H alloys 
all were very soft initially and cold 
rolled to 0.004 in. or 94 pct reduction 
without edge cracking. The 0.25 at. 
pet oxygen alloy, which was 164 
Vickers initially, also could be rolled 
to 95 pct reduction without edge 
cracking. A completely different result 
was found with the 0.25 at. pct nitro- 
gen alloy, which was 184 Vickers origi- 
nally, only slightly higher than the 
oxygen alloy. It could be rolled only to 
50 pet reduction before edge cracking. 
This indicates that nitrogen content is 
more deleterious to cold rollability 
than oxygen content of either the same 
amount or the same hardness. This 
adverse effect of nitrogen compared to 
oxygen on cold rollability shows up 
also in the edge-cracking limits at the 
0.5- and l-at. pct levels. 


WORK-HARDENING CURVES 


The work-hardening curves found 
for the various alloys are plotted in 
Fig 16. 

The work-hardening curve of the 
unalloyed titanium (Specimen No. 1) 
is approximately a straight line. An 
80 pct reduction about doubles the 
original hardness. The strip was rolled 
to 95 pet reduction, but determinations 
of hardness values were stopped at 80 
pet. 

Oxygen alloys had work-hardening 
curves very similar to the unalloyed 
titanium, apart from the different 
hardness levels from which the alloys 
start. This means that the rela- 
tive ratios of hardness to the Ti-O 
alloys to titanium are unaffected by 
cold working. 

The work-hardening data of the 
Ti-N alloys had some peculiarities. 
First, there was an initial decrease in 
the hardness, which was followed by 
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a normal increase in hardness on fur- 
ther cold working. This anomalous de- 
crease in hardness may have been 
caused by a hard surface shell of nitro- 
gen-rich material, which, once thinned 
out by a cold reduction, permitted the 
hardness indenter to penetrate to the 
softer core. The second peculiarity of 
the work-hardening curves of the Ti-N 
alloys is the closeness of the curves for 
the 0.5 at. pet and 1 at. pct nitrogen 
alloys. This does not seem to be in line 
with the results of the tensile tests. 
Actually, since the 1 at. pct nitrogen 
alloy only had 3 pct elongation and 
showed signs of edge cracking at 30 pct 
reduction, there probably were not 
enough data obtained on sound metal 
from which to draw conclusions. The 
normal part of the curve for the 0.25 
at. pet nitrogen alloy shows about the 
same characteristics as unalloyed ti- 
tanium, with the hardness level about 
15 Vickers points above the curve for 
the 9.25 at. pct oxygen alloy. 

The work-hardening data for the ti- 
tanium hydrogen alloys were so similar 
to unalloyed titanium that no attempt 
was made to separate them in Fig 16. 


Summary 


Oxygen and nitrogen up to one atomic 
per cent increase the electrical resistiv- 
ity at 25.6°C linearly from 48 to 56 
micro-ohm-cm, while hydrogen in the 
same concentration has no effect. 

Dissolved nitrogen changes the mi- 
crostructure of annealed titanium from 
large Widmanstiatten plates to long, 
narrow Widmanstatten needles. Oxy- 
gen refines and makes the Widman- 
statten arrangement of the alpha-Ti 
plates more regular. Hydrogen does not 
change the microstructure of titanium 
at 0.25 at. pct concentration, but at 
higher concentrations, some markings 
of unknown origin appear. 

Nitrogen has a more potent harden- 
ing and strengthening effect than oxy- 
gen and decreases the ductility to a 
greater extent. Hydrogen, when added 


to one atomic per cent either does not 
affect the niechanical properties, or 
slightly improves both the strength and 
ductility. 

Unalloyed titanium, the titanium- 
hydrogen alloys, and the 0.25 at. pct 
oxygen alloy could be cold rolled to 95 
pet reduction without edge cracking. 
The higher oxygen alloys edge cracked 
at 60-70 pct reductions, while the 
nitrogen-containing alloys had con- 
siderably less capability for cold rolling 
without edge cracking. Work-harden- 
ing curves were determined for the 
various specimens. 
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According to conventional crystal 
mechanics, a face-centered cubic single 
crystal slips on the system {111} 
<110> which receives the highest 
shear stress in terms of the stated 
orientation of the stress axis of the 
crystal.1 However, in brass, the slip 
process is never as simple as this con- 
ventional analysis indicates. There is 
always a second cooperating plane 
which contains the same slip direction 
as the primary plane.” There is still 
another cooperating slip system com- 
monly called the conjugate system? 
previously observed to function with 
considerable lag only after the rotation 
due to the action of the first plane had 
produced a symmetrical condition of 
equal shear stress on the two systems. 

In the 1943 Campbell Lecture,‘ a slip 
mechanism was outlined in which the 
{111} planes: moved step-wise in two 
adjacent <112> directions integrabing 
into the <110> slip direction. * 
the slipping process would be actatieed 
as a succession of steps 30° to the right 
and left of the resultant, microscopi- 
cally observed, slip direction; a first 
step setting up the twinned configura- 
tion in the single spacing involved and 
an ensuing slip returning the atoms to 
the untwinned configuration while 
completing a fully integrated <110> 
movement.”* This process is shown 
diagrammatically in Fig 1 which shows 
two close packed layers of atoms at a 
slip site. A movement of the full circles 
through the ‘“‘valleys” into the ad- 
jacent sites would produce a twin con- 
figuration with respect to the open 
circles. The term, ‘‘twin fault,’’ seems 
most appropriate to define this faulted 
condition of the lattice. 

Annealing twins in face-centered 
cubic metals may arise from preformed 
nucleii which could be described as 
twin faults produced by the first move- 
ment of this two stage slip process. 
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FIG 1—Hypothetical mechanical twin formation by 
deviation of slip from ‘‘foothills”’ into ‘‘valleys’’ of close- 


packed face-centered cubic structure. 
(Mathewson4) 


However, it is clear that this kind of 
slip does not take place so as to em- 
brace a measurable number of adjacent 
planes because careful X ray examina- 
tion has not conclusively shown the 
existence of ponderable twin lamellae 
(as in the case of Neumann bands in 
the body-centered ferrite). 

In view of the imponderable char- 
acter of these hypothetical twin faults, 
the search for evidence of their exist- 
ence seems restricted to indirect 
methods. 

The most obvious experimental tech- 
nique serving this purpose is the de- 
termination by micrographic and X ray 
methods of the alignment of the com- 
position planes of annealing twins with 
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the former slip planes in axially 
strained and recrystallized single crys- 
tals. In previous attempts of this sort 
not all of the annealing twins could be 
traced to slip planes known to be opera- 
tive in the conventional sense and 
hence evidence appeared negative or 
inconclusive. With the discovery of 
additional slip systems?* operating in 
conjunction with the major system of 
highest resolved shear stress in axially 
strained brass it became apparent that 
the simple technique outlined above 
might be re-employed with more grati- 
fying results. 

If, on annealing single crystals of 
alpha brass previously strained in ten- 
sion, twins are found with their com- 
position planes parallel to all three 
operative slip planes and with no par- 
ticipation of the fourth plane there is 
good evidence in favor of the existence 
of twin faults and of the two stage slip 
process. 


Experimental Procedure 
and Results 


Single crystals of alpha brass of the 
70-30 composition were grown by 
solidification from the molten state. 
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FIG 2—Stress-elongation curves for three tapered single crystals. 


After a long homogenization treatment 
(24 hr at 800°C), central sections, 
about 3 in. long, were carefully 
tapered in a lathe to provide a linear 
decrease in diameter from 0.5 to 0.32 
in. along the gauge length. Etching 
in 1:1 aqueous nitric acid solution 
removed the cold work, and sub- 
sequent electrolytic polishing? pro- 
vided a smooth metallographic surface. 
Back-reflection Laue photograms were 
made at four different radial positions 
to insure that all cold work had been 
removed and to determine the orienta- 
tion of the crystals. Fine black lines 
were painted on each specimen at one- 
quarter inch intervals; these intervals 
were carefully measured on a Zeiss 
metallograph at a magnification of X77. 
The crystals were extended with a 
constant rate of loading until slip lines 
became visible within one-half inch 
of the large end of the gauge length. 
The average of repeated measurements 
of the gauge intervals using the same 
magnification gave the elongation per 
one-quarter inch interval. Stress values 
were derived from the maximum load 
to which the crystals were extended and 
the areas of the specimen after exten- 
sion. A series of four back-reflection 
Laue photograms per gauge interval 
gave reorientation values in terms of 
d and x, where 2 is the angle between 
the specimen axis and the primary slip 
direction and x is the angle between 
the specimen axis and the primary slip 
plane. These values were used to calcu- 
late the elongation in the usual man- 

ner,° viz. 
li sin Xo 


lo sinxi 


[1] 


where Xo and x: are the original and 
final angles, and 1) and 1, are the origi- 
nal and final gauge lengths. The data 
relating stress to the measured and 
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calculated elongation are plotted in 
Fig 2. In the case of Specimen BR-4-T 
only measured values are shown be- 
cause the reorientation was too small to 
yield reliable calculations. 

Using the values of \ and x deter- 
mined by means of X rays, shear stress 
resolved in the primary <110> direc- 
tion of slip and on the primary plane 
of slip was calculated by means of the 
usual formula.°® 


Piss 
S = 7 sin x cos A [2] 


where P is the load; A, the area; S, the 
resolved shear stress; and x and X, as 
previously designated. The shear was 
calculated from the two expressions; 


300 


2500) 


200 oe? 


RESOLVED SHEAR STRESS - PS! 


_ COs At _ COS do (3] 
~ sinxi sin Xo 
and 
oo 
t=- f Q/@) — sin®hy — cos) 
sin Xo lo 


[4] > 


Formulas 2 and 3 gave resolved shear 
stress-shear values from the X ray 
data and formulas 1, 2 and 4 gave re- 
solved shear stress-shear values from 
the measured data. These resulting 
shear strengthening curves are shown 
in Fig 3. 

The rotations of the lattice, Fig 4, 
are plotted from the back reflection 
X ray determinations of the orienta- 
tions along the tapered gauge length. 

These tapered specimens afforded an 
excellent opportunity to study the 
progressive formation of slip lines be- 
cause of the increasing amount of de- 
formation from zero per cent at one 
end to beyond 24 pct at the other. A 
series of representative micrographs of 
slip lines in Spec. Br-2-T is shown in 
Fig 5-16 together with the approxi- 
mate extension at the respective posi- 
tion on the tapered specimen. 

The first observable slip line, Fig 5, 
appeared very thin at X500. Even at 
this initial stage, slip on the conjugate 
plane is evident. Cross-slip, although 
not shown in Fig 5, was nevertheless 
present in the first group of slip lines 
at a different point of observation (cf 
Fig 17) and is shown in Fig 10 after an 
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FIG 3—Resolved shear stress-shear curves for tapered single 
crystals. 
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SLIP DIRECTION 


CONJUGATE SLIP POLE 


FIG 4—Stereographic projection showing the axes rotations of the tapered single 


elongation of 4 pct. With increasing 
deformation, new slip lines appear ad- 
jacent to former lines, in such locations 
as to widen the original band, and pro- 
duce the familiar clustered appearance. 

At about 4 pct elongation (Fig 10) 
the clusters are sensibly wide and at the 
higher deformations, perhaps beginning 
with about 16 pct elongation, the 
clusters have overlapped to form a con- 
tinuous bundle of lines which have lost 
their sharpness because of the proxim- 
ity of many lines in and out of sharp 
focus. 

The specimens were next wrapped 
loosely in thin, dead soft, brass foil of 
the same composition and annealed for 


crystals pulled in tension. 


one hour at 800°C. After furnace cool- 
ing, they were etched in nitric acid 
solution followed by ferric chloride. 
Microscopic examination revealed that 
the composition planes of the many 
twins were nearly parallel to one of 
three different slip planes of the parent 
lattice. This structure is shown in Fig 
18 and 19. The genesis of the twins was 
proven by X ray examination in which 
the X ray beam was positioned partly 
on the twin and partly on the adjacent 
material. Crystallographic analysis of 
the resulting double set of Laue spots 
gave the stereographic plot shown in 
Fig 20 which is typical of many such 
analyses made to establish the twin 


relationships. 

In all three specimens, recrystalliza- 
tion was found to extend to the location 
representing a minimum value of shear 
of about 0.22 (see Fig 3). The amount 
of recrystallization observed in Spec. 
Br-3-T was small in comparison de- 
tected in the other two specimens. 
Nevertheless, grains in all three speci- 
mens were large and replete with 
annealing twins, all of which produced 
boundary traces which corresponded 
to one of three composition planes. 

From close examination of Fig 19, 
it may be seen that the twins seem to 
grow along the former slip lines. 

By repolishing the specimens and 


Table 1... Analysis of Alignment of Twin Composition Planes with Slip 


Br-4-T 
Angle between Axis 
and Slip Line 


Primary Slip Lines..... 
Twin Comp. Plane...... 


Conjugate Slip Lines. . . 
Twin Comp. Planes... . 


Cross Slip Lines........ 
Twin Comp. Planes.... 


Lines 
Br-2-T Br-3-T 
Angle between Axis Angle between Axis 
and Slip Line and Slip Line 
Re- 
Measured* . Measured* 
oriented t 
Degrees Degrees Degrees Degrees 
chose 40 24 31 36 
ase APs 26 
Cee 57 57 18 22 
Efe ws 59 22 
Lista 10 10 27 33 
Reo nea 16 22 


Re- Re- 
oriented} |Measured* | orientedt 


Degrees 
38 28 
28 
27 22 
30 
9 9 
10 


nee CEEEEEIEEEEEEEEEEEEEE EEE 
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* Angles determined from stereographic analyses 
+ Angles measured on metallograp 
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FIG 5-10—Slip lines in Specimen BR-2-T corresponding to various amounts of 


extension. 


again straining in tension, slip lines 
were made to reappear in the unrecrys- 
tallized structure at the head of the 
taper and in the new grains. By align- 
ing the composition planes of the twins 
with the slip lines in the parent lattice, 
that is, by moving the field from twin 
to original lattice along the axis of the 
specimen, these composition planes 
were identified as approximately paral- 
lel to former primary slip lines, cross- 
slip lines and conjugate slip lines. 
Several cases of close alignment are 
shown in Fig 21-26. In other cases, 


misalignments amounting to as much | 


as 11° were found. Attempts were made 
to locate twins close to the unrecrys- 


658 . . . Metals Transactions, Vol. 185 


Except in the case of Fig 5, all micrographs 
were taken at a position around the conical sur- 
face of the specimen which would lie in a plane 
perpendicular to the plane containing the speci- 
men axis and the primary slip direction. Stress 
axis vertical. Reduced one fifth in reproduction. 
xX 500 


tallized structure so as to avoid mis- 
alignments due to the rotation of the 
lattice during the plastic extension 
preceding recrystallization. Since this 
was not always possible, stereographic 
analysis was used to correct the cases 
of misalignment by plotting the angles 
at the point of observation between 
the slip lines and the stress axis before 
and after straining. A typical con- 
struction is shown in Fig 27 from which 
the angles between the axis and the 
reoriented primary and cross slip 
planes respectively shown in column 3 
of Table 1 were derived. 

If observations of slip lines are made 
in the plane AP, then the trace of the 


slip plane (primary) in the plane of 
observation is at the intersection of the 
two planes, viz., at P, and the angle 
AP, equal to 40°, is the measured angle 
between the axis and the trace of the 
slip plane. ; 

If twins arising from this slip plane 
are observed in a part of the specimen 
in which the change of orientation 
during this extension is represented by - 
moving the axis from A to A’, the 
angle A’P, equal to 24° will now repre- 
sent the angle between the axis and 
their composition plane provided the 
latter occupies the new position of the 
slip plane with respect to the axis. In 
the case of the cross-slip plane, the 
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angle of its trace to the axis in the plane 
of observation AC, is equal to 10° and 
is practically unaltered in the new 
position A’C after rotation. This is 
about 6° less than the measured angle 
between the axis and the twin com- 
position plane. Similar constructions 
were made for the conjugate plane in 
this specimen and for all twinning 
planes in the other two specimens, 
BR-3-T and BR-4-T, as reported in 
Table 1. 

The maximum error in alignment 
shown in Table 1 is 11°. There are four 
recognized sources of error in the tech- 
nique used; (1) a possible 2° error in 
the X ray determinations from which 
changing positions of the stress axis 
were ascertained, (2) a possible 6° error 
introduced by the taper of the speci- 
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WES ee. 


FIG 11-16—Slip lines 
BR-2-T. 
Positions similar to those represented in Fig 


6-10. Stress axis vertical. Reduced one fifth in 
reproduction. X 500 


in Specimen 


mens, (3) a possible error associated 
with the translation of the specimen on 
the microscope from the position of 
annealing twin to the position of the 
corresponding slip lines, and (4) an 
undetermined error in measuring the 
trace of the cross-slip lines because 
of their minute lengths. One or all 
of these possible errors may explain 
the observed deviations from perfect 
alignment. 

Finally, the orientations of a number 
of grains in each specimen were deter- 
mined by the Laue back-reflection 
technique. One group of these orienta 
tions together with the orientation of 
the parent lattice are shown in stereo- 
graphic projection in Fig 28. These 
projections were drawn with the X ray 
beam at B, the center of the diagram, 


that is, normal to the exposed grain 
surfaces. In the diagram, P refers to the 
parent lattice and the numbers refer 
to the specific grains outlined in Fig 29. 
In all of these recrystallized grains, 
there was an octahedral pole close to 
one of the octahedral poles of the 
parent lattice (ringed in the projection) 
as observed in the strained and an- 
nealed condition and in the neighbor- 
hood of the recrystallized grain, viz., 
at position 2 in Fig 29. It is doubtful 
if the term ‘‘recovered lattice” can be 
used in this connection since subse- 
quent experiments have shown that the 
upper (least strained) part of a tapered 
specimen which showed no recrystalli- 
zation at 800°C may recrystallize if 
annealed at a still higher temperature 
(900°C). In spite of the difference of 
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FIG 17—Appearance of first slip lines in 
Specimen BR-2-T. 


Position perpendicular to the plane containing 
the specimen axis and the pole of the primary slip 
plane, that is, at the head of the major axis of the 
glide ellipse. Stress axis vertical. Note cross and 


conjugate slip lines. X 


orientation, which may amount to as 
much as 12°, between this octahedral 
plane as observed in the parent lattice 
and in the recrystallized grain, it is 
believed to be a common plane in the 
sense that it constituted the nucleus in 
the parent strained crystal from which 
the new grain grew, with a certain 
adjustment of orientation to the en- 
vironment of strain, by a rotational 
process either identical with or akin to 
the one recently described by Kronberg 
and Wilson.® 

The subsequent analytical technique 
was simply to perform the small rota- 
tion of the projection which was neces- 
sary to bring the so-called “‘common” 
octahedral pole in the recrystallized 
grain into exact coincidence with its 
position in the unrecrystallized struc- 
ture, followed by the substantial rota- 
tion around this “‘common” pole which 
brought about complete coincidence of 
the two structures. 

The results are shown in Table 2. 

While this subject cannot be re- 
garded as closed in view of the present 
meager understanding of lattice strain 


500 


in relation to recrystallization, the 
present experiments permit the follow- 
ing conclusions: 

The recrystallized structure after 
substantial plastic deformation con- 
tains an octahedral plane obviously de- 
rived from a similar plane in the parent 
lattice. 

The new grain does not grow out into 
the matrix without change of orienta- 
tion or as an unreoriented twin. Its 
structure. may be derived from the 
original structure by a rotation around 
the polar axis of the common octa- 
hedral plane. 

Many of these rotations approxi- 
mate the 22 and 38° rotations found by 
Kronberg and Wilson® in their analysis 
of annealing twins in the secondary 
recrystallization of copper. 

The rotation is presumably the re- 
sponse of the crystal to an activating 
strain which seems to be generally 
associated with twin faulting. 

The Kronberg and Wilson analysis 
shows how a gross rotation of the lat- 
tice around an octahedral pole, for 
example, may be attained by small 


Table 2... Rotation of Provisionally Reoriented Recrystallized Grains 
Around Designated Octahedral Poles Bringing Coincidence with the 
Original Structure 5; 


5 SEK i Di 3 . Nearest Octahedral 
Specimen Number Tee ae on De 5 Heeaan of Retation Pole of the Parent 
7 Crystal 
BR-2-T 4 & Counter clockwise 34 Cross slip plane 
3 8 Counter clockwise 24 Primary slip plane 
5 g Counter clockwise 35 Primary slip plane 
6 i Counter clockwise 18 Cross slip plane 
BR-4-T 8 cue eee 30 Cross slip plane 
ounter clockwise 18 Conj te slip pl 
: é poaniey coche 0 ee 
ounter clockwise 12 Cross slip pl: 
BR-3-T 5 8.5 Clockwise 24 Cross alls Alaie 


* Determined from location of grain on the tapered specimen. 
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coincidental movements of the atoms 
chiefly around sites which have re- 
tained their identity after the specific 
gross rotation. It is possible in this 
way to start with a twin fault and by 
thus moving the atoms around coinci- 
dence sites in neighboring planes on 
one side of the fault, to grow a new 
crystal whose octahedral planes are 
rotated 22° with respect to those of the 
original crystal, while growth on the 
other side of the fault by a similar 
process produces a twin structure 
whose poles are rotated 38° in the 
opposite direction around the compo- 
sition plane. Other rotational possi- 
bilities are pointed out by Kronberg 
and Wilson. The present experiments 
are not wholly consistent with this 
crystal-geometrical pattern but offer 
strong evidence that the annealing 
twins in brass grow from twin faults 
parallel to the active slip planes by 
some rotational process of reorientation 
determined by the condition of strain 
in the plastically deformed crystal. 

Inherent in the theory of two stage 
slip is the consideration that move- 
ment of the atoms in an octahedral 
slip plane determined by an active 
component of stress along the close 
packed strings of atoms <110> if 
forced to deviate into the interatomic 
valleys <112>, (as shown by the 
arrows in Fig 1) which are assumed to 
be the paths of least resistance, would 
introduce a condition of residual stress 
in the hypothetical twin fault directing 
its alignment with the active com- 
ponent of shear stress. Thus the twin- 
faulted regions could be focal points 
of activation for a rotational process of 
atomic rearrangement and the ob- 
served annealing twins would be 
reoriented according to some pattern 
generally consistent with the reported 
observations. 


Discussion of Results 


Previous observations? 37.89 of lack 
of strain hardening in 70-30 brass 
single crystals during the early stages 
of deformation, are not in agreement 
with the present observations of strain 
hardening summarized in Fig 3. How- 
ever, an explanation for these phe- 
nomena may be sought in the method 
of straining. In most of the experi- 
ments cited,?3.7.8 the authors strained 
their crystals repeatedly but released 
the load after each individual exten- 
sion. In the present investigation, the 
crystals attained their total extension 
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FIG 18—Three views of recrystallized portion of 


Specimen BR-2-T. 


Slightly reduced in reproduction. X 1.5 


under one application of load. This 
points to the possibility that a recovery 
process may be responsible for the 
lack of strain hardening previously 
observed and that under continuous 
loading, the normal process of strain 
hardening occurs. 

A significant observation from the 
resolved shear stress-shear curves of 
Fig 3 is the constant rate of strain 
hardening in all three orientations 
investigated, up to a value of shear 
of about 0.22. Beyond this strain the 
rate of hardening appears to be a 
function of orientation. And this value 
of shear was the minimum one at 
which recrystallization occurred at 
the selected annealing temperature 
(800°C). The exact significance of this 
shear value (0.22), that is, whether 
or not it is constant for all orientations 
at all temperatures of deformation and 
recrystallization must be determined 
by further study. 

The composition planes of the an- 
nealing twins formed on recrystalliza- 
tion of the axially strained tapered 
crystals of 70-30 brass were always 
approximately parallel to one of the 
active slip systems. The orientation of 
a new grain or part of a twin could be 
derived from the orientation of the 
parent crystal in the strained condition 
by rotation around their “common” 
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FIG 20—Stereographic plot of two sets 
of Laue spots showing the twin relation 


between the spots. 


_ The twinning pole is labeled as P and its plane 
is shown as the arc in the plot. 


octahedral pole, derived from the pri- 
mary, cross or conjugate slip plane, but 
a certain small angular adjustment was 
necessary to bring the ‘‘common”’ pole 
into exact coincidence. 

An attempt was made to rationalize 
the rotational reorientation by postu- 
lating a condition of residual stress at a 
twin fault due to the nature of the slip 
process. According to this view, the 
twin-fault is a preformed nucleus 
which activates a crystal-geometrical 
process of atom regrouping by rota- 


FIG 19—Three views of recrystallized portion of 


Specimen BR-4-T. 


Slightly reduced in reproduction. X 2.5 


tional shearing movements similar to 
those already reported by Kronberg 
and Wilson.° 

In order to distinguish between the 
failure of the tapered specimens to 
recrystallize at 800°C in the regions 
which had been slightly deformed and 
their copious recrystallization in the 
severely strained regions, the following 
suggestions are offered on the basis of 
a two-stage slip process. Here a twin 
fault is produced in the first stage and 
a return to the original structure in the 
second stage (always accompanied by 
a certain configuration of residual 
stress). 

In the early stage of slip, the atoms 
may be considered to move freely into 
their appropriate positions so as to 
complete the two <112> movements 
and result in an essentially unchanged 
lattice. However, during the later 
stages of the slip process, apparently 
beginning at about 0.22 shear, the lat- 
tice may be so strained or fragmented 
by the action of the three cooperating 
slip systems that the pfimary con- 
figuration can no longer be attained. 


Summary 


1. In the tensile straining of tapered 
70-30 brass single crystals, variable de- 
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FIG 21-26—Alignment of composition planes of annealing twins with slip lines in 


the parent lattice. 
“Stress axis vertical. Reduced one fifth in reproduction. X 500 


formation along the specimen axis af- 
forded the opportunity to record 
micrographically the progress of for- 
mation of slip lines. 

2. Calculated resolved shear stress- 
shear curves show that there is slight 
strain hardening up to a value of shear 
amounting to about 0.22. At this point 
there is a marked rise in the rate of 
strain hardening which now appears to 
be a function of orientation. 

3. Recrystallization on annealing at 
800°C begins at a minimum value of 
shear of about 0.22. 

4. Annealing twins are formed with 
composition planes parallel to the for- 
mer operative primary, cross and con- 
jugate slip planes, with no other 
relationships observable. . 

5. Recrystallized grains are found to 
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be related to the former parent lattice 
as reoriented after straining by a rota- 
tion about the pole of an operative 
primary, cross or conjugate slip plane. 
The variable amount and direction of 
rotation are apparently due to the dif- 
ference in the strain configuration 
throughout the specimen. © 

These observations are interpreted 
as strong evidence in favor of coordi- 
nated <112> slip. 
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Some Observations on the Rate of Secondary Reerystallization in High Purity Copper 


ANNA M. TURKALO* and DAVID TURNBULL + 


It is well known that if copper that 
has been severely cold-worked by roll- 
ing (70-98 pct) is heated to high tem- 
peratures a small number of large 
grains are formed at the expense of the 
fine grained structure that appears 
— upon primary recrystallization. 

Dahl and Pawlek,! Cook and Mac- 
Quarie,? Ward,’ and Boas and Bowles‘ 
have studied this phenomenon in cop- 
per. It has been reported as taking 
place with measurable velocities in the 
temperature range 700-1080°. Boas 
and Bowles have reported that the 
time necessary for the transformation 
is of the order of days at 700°C. Ac- 
cording to Ward? the number of sec- 
ondary grains which appear in OFHC 
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copper decrease with increasing perfec- 
tion of cubical alignment after primary 
recrystallization; also the perfection of 
cubical alignment increases with de- 
creasing grain size prior to the final 
reduction. 

In this investigation two heats, A 
and B, of especially high purity copper 
(99.999 pct) supplied by the American 
Smelting and Refining Co., were used. 
The behavior of samples prepared from 
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tory. 
1 References are at the end of the 


paper. 


the two heats was qualitatively very 
similar providing that the grain sizes 
established prior to the final reduction 
were about the same. 

We observed that in specimens pre- 
pared from bars which were relatively 
coarse grained prior to final reduction 
secondary recrystallization took place 
at a rapid rate at temperatures as low 
as 500°C. This is about 200-300°C 
lower than the temperature necessary 
to obtain fairly rapid transformation in 
OFHC copper. A 0.22 in. thick rec- 
tangular bar of lot B was cold-reduced 
60 pct by straight rolling and given a 
penultimate annealing treatment at 
250°C. Following this it was cold-re- 
duced 90 pct and heated to various 
temperatures in the range 450—1040°C. 
The specimens were about 8 mils thick 
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and 14 sq. in. in area. They were placed 
in quartz specimen holders and heat 
treated in a hydrogen atmosphere. In 
general the secondary transformation 
was completed after about 14 hr at 
550° and in most specimens was par- 
tially complete after 6 hr at 500°C. 
From this it may be inferred that the 
linear growth rate in the transforma- 
tion is at least 5 X 10-5 cm per sec at 
500°C. Fig 1 shows photographs of 
typical specimens after heating for 
various times at the specified tempera- 
tures. Transformation is complete in 
all excepting those heated at 500°C. It 
is evident that the final grain size 
markedly increases with decreasing 
temperature so that at the lowest tem- 
perature only one grain appears per 
specimen. 

Decreasing the penultimate reduc- 
tion and increasing the penultimate 
annealing temperature tend to lower 
the temperature at which secondary re- 
crystallization takes place rapidly. A 
sample of B given a penultimate reduc- 
tion of 50 pct, penultimately annealed 
at 350°C, and cold-reduced 90 pct, ex- 
hibited complete recrystallization to 
several grains after 6 hr at 500°C. 

In agreement with work on OFHC 
copper our results indicate that the 
tendency of secondary grains to form 
decreases with increasing perfection of 
cubical alignment. However, we have 
observed that the rate of appearance 
of secondary grains in specimens hav- 
ing a high degree of cubical alignment 
is greatly accelerated by very small 
strains. Specimens were prepared from 
heat A as follows: a 0.164 in. thick 
rectangular bar was cross-rolled to a 
reduction of 50 pct and annealed at 
400°C for 3 hr. Because of the smaller 
initial grain size the grain size resulting 
from this treatment was much less than 
that obtained in lot B after the pen- 
ultimate annealing treatments de- 
scribed above. The bar was cold-reduced 
90 pct by straight rolling and cut into 
specimens having the same size as 
those from lot B. Rapid heating of 
these specimens to 1040°C and holding 
for 4 hr produced complete secondary 
recrystallization to 1 or 2 grains per 
sq. in. However, specimens recrystal- 
lized by heating at 500°C for one hour 
or heated slowly (200°C per hr) 
showed no evidence of beginning sec- 
ondary recrystallization after periods 
of 16 to 20 hr at 1040°C provided that 
care was taken not to strain the speci- 
mens after primary recrystallization. If 
the specimens were strained by small 
amounts after primary recrystallization 
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FIG 1—Copper samples annealed at 
various temperatures after 90 pct reduc- 


tion. 
a. 500°C—1 hr. b. 750°C—1 hr. c. 500°C— 


6o hr 


d. 900°C—1 hr. 


e. 550°C—\__ hr. 


f. 1040°C—1 hr. g. 600°C—5 min. 


the secondary transformation was com- 
plete in nearly all specimens after 4—6 
hr at 1040°C. Strains as small as 0.085 
pet maximum, produced by bending 
the specimen over cylinders of a given 
radius of curvature, were sufficient to 
cause this effect. These results are in 
agreement with those obtained inde- 
pendently by Kronberg and Wilson on 
OFHC copper although they appar- 
ently used much larger strains to ac- 
celerate the secondary transformation. 

The orientations of the secondary 
crystals which we observe are in fair 
agreement with those reported for cop- 
per by Boas and Bowles. 

Our results demonstrate that the 
rate of the secondary transformation is 
much more rapid in high purity copper 
than in OFHC copper. At 500°C the 
rate of growth of secondary grains in 
high purity copper is at least 10° times 
greater than the value obtained for 
OFHC copper by extrapolation of 
Ward’s results. Also it may be con- 
cluded that the secondary transforma- 


tion takes place very slowly if at all 
in specimens exhibiting a high degree of 
perfection in cubical alignment. Sec- 
ondary transformation is accelerated 
(or perhaps initiated) in the latter 
specimens by strains as small as 0.085 
pet. The orientation of the grains thus 
obtained is very near that of the 
grains appearing in the secondary 
transformation of samples rapidly 
heated to the transformation tempera- 
ture from the cold-rolled state. These 
results will be reported more com- 
pletely in a subsequent paper. 
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In metallurgical process industries a 
knowledge of true melting and casting 
temperatures is very essential for in- 
creasing the operating efficiency as well 
as improving the quality of the finished 
product. Optical pyrometers are widely 
used for the purpose because of their 
cheapness and ease of operation. It is 
an unfortunate fact, however, that this 
mode of measuring temperature entails 
a source of severe error inasmuch as 
with all non-black bodies, the tem- 
perature observed is always below the 
true temperature owing to deficient 
emissive power. Hence, the need for 
emissivity correction arises. 

In 1913 Bidwell! obtained emissivity 
values of 0.36—-0.48 for a temperature 
range of 1520-1800°C. He measured 
the true temperature of molten iron by 
sighting into a carbon cavity immersed 
in the iron under an atmosphere of 
hydrogen. In 1914 Burgess? determined 
the emissivity of a smooth surface of 
liquid iron free from oxide to be 0.37 
under an atmosphere of hydrogen. He 
claimed to have attained an accuracy 
of within 5°C at 1500°C with an optical 
pyrometer using monochromatic light. 
He reported that no difference ap- 
peared to exist between the emissivities 
of pure iron and of steels containing 
considerable percentages of carbon, 
nickel or manganese; nor was there any 
appreciable variation of emissivity with 
temperature from 1530 to 1571°C. 
Wensel and Roeser* found an emissiv- 
ity value of 0.4 for temperatures above 
1375°C for cast iron. 

The average emissivity value for car- 
bon steels reported by Leiber,* Todd,* 
Hase* and Umino’ range from 0.4 to 
0.45. 

Knowles and Sarjant® made an ex- 
tensive study of emissivity of molten 
iron and steel over a wide range of 
workshop and laboratory conditions. 
Observations of true temperature were 
made with immersion thermocouples, 
and correlated with apparent tempera- 
tures indicated by optical pyrometer 
readings taken on the pouring stream 
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FIG 1—Results of observations of emissivity of pure iron and plain 


carbon steels by various investigators. 

A. Present investigation, pure iron. B. Basic electric arc steel, Naeser. C. Small 
basic electric arc steels, Guthmann. D. Experimental basic high-frequency; steel, 
Goller. E. Experimental high-frequency furnace with sillimanite lining; steel, 
Knowles and Sarjant. F. Experimental high-frequency furnace with sillimanite 
lining; Armcoiron, Knowles and Sarjant. G. Armco iron, Naeser. H. Iron, Bidwell. 


as it passed over the lip of the crucible. 
The emissivity of Armco iron was 
shown to be of the order of 0.4, rising 
slightly with increasing temperature. 
But for plain carbon steels containing 
up to 1.0 pct carbon the emissivity was 
shown to fall slightly with increasing 
temperatures. The results of their in- 
vestigation are in agreement with those 
of Guthmann,? Naeser,!° Spencer,” 
Todd and Hase‘ in regard to the rela- 
tion between emissivity and tempera- 
ture for plain carbon steels. However, 
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Goller!? has found a rise of emissivity 
with increasing temperature for the 
same steels. Results of several investi- 
gations are given in Fig 1. 


Measurement of True and 
Apparent Temperatures 


The necessity for an accurate optical 
temperature scale for liquid iron in 
studies of gas-metal equilibria led to 
this investigation. Experimental meas- 
urements were carried out in the induc- 
tion furnace used by Dastur and 
Chipman’? in their studies of the reac- 
tion of hydrogen with oxygen in liquid 
iron. The furnace as modified for this 
work is shown in Fig 2. The atmosphere 
of the furnace was a mixture of puri- 
fied argon with hydrogen containing a 
small controlled amount of water 
vapor. Gases were preheated by means 
of a platinum-10 pet rhodium resistance 
coil. The stream of hydrogen sweeping 
across the surface of molten iron vir- 
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FIG 2—Furnace set-up for the determination of the true tem- 
perature scale and emissivity of liquid iron. 


tually eliminates errors resulting from 
the presence of iron vapor except at 
temperatures approaching or above 
1900°C. The charge consisting of about 
90 g of pure iron was melted in a pure 
beryllia crucible especially designed for 
this purpose as shown in Fig 2. 

Two sets of simultaneous tempera- 
ture readings were obtained: (1) Op- 
tical top temperature reading by a 
sensitive optical pyrometer and bottom 
reading from a properly assembled 
thermocouple touching the top of the 
crucible cavity (see Fig 2A). (2) Top 
and bottom optical temperature read- 
ings by using the crucible cavity as a 
perfect black body for the bottom op- 
tical pyrometer (see Fig 2B). 

After the charge was molten both 
the optical pyrometer and the thermo- 
couple were frequently checked against 
the melting point of electrolytic iron in 
hydrogen which was taken as 1535°C. 
Thermocouples were also rechecked 
after each experimental run. 

Optical temperature readings were 
taken when the gas preheating coil was 
hot and cold, and it was observed that 
the coil temperature has no effect upon 
temperature readings. 

Each pair of simultaneous readings 
was taken when a constant and steady 
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temperature had been obtainéd by ad- 
justing the power input from a 
high-frequency source. Temperature 
measurements obtained by stepwise 
heating were in agreement with those 
of stepwise cooling, indicating the ab- 
sence of temperature gradient between 
the molten metal and thermocouple. 


THERMOCOUPLES 


Calibrated platinum-platinum rho- 
dium and tungsten-molybdenum 
thermocouples were used in this in- 
vestigation for establishing the true 
temperature of liquid iron. Platinum- 
platinum rhodium thermocouples were 
used only up to 1660°C and tungsten- 
molybdenum thermocouples were used 
from 1650 to 1900°C. 

Schulze found that tungsten, mo- 
lybdenum and tantalum were well 
suited for measuring high temperatures 
when the couples had been annealed at 
a higher temperature to assure constant 
thermal powers. The use of these ther- 
mocouples in liquid steel has been 
described by Taylor and Chipman.15 

Schofield and Grace’ in using plati- 
num-platinum rhodium thermocouples 
reported that no effect was noticed in 
the thermocouple output from the field 


present in the induction furnace. The 
tungsten molybdenum thermocouples 
used in this investigation were from a 
batch calibrated and used by Potter*’ 
and were rechecked against the melting 
point of pure iron. 


OPTICAL MEASUREMENTS 


The optical systems at the top and 
bottom of the furnace contained identi- 
cal sight glasses and prisms and two 
optical pyrometers which had previ- 
ously been calibrated against a stand- 
ard instrument from the Bureau of 
Standards. No temperature difference 
was observed upon interchanging py- 
rometers or sight glasses and prisms. 
Since the hollow tip in the center of the 
crucible was more than three times 
longer than its diameter, it presented a 
perfect black body condition for the 
measurement of the true temperature 
of melt, corrected for absorption and 
reflection from the intervening optical 
system and the gas column. After 
checking the melting point of iron, 
temperatures as high as 1900°C were 
recorded by taking simultaneous read- 
ings with optical pyrometers from top 
and bottom. 


Results 


The results of true and apparent 
(optical) temperature readings are 
plotted in Fig 3 which gives a calibra- 
tion for the given experimental condi- 
tions. Such scales may lend themselves 
to the evaluation of transmissivity and 
emissivity values, as will be shown 
presently. 

Transmissivity correction is obtained 
from the optical bottom temperature 
reading when emissivity is unity. For 
this purpose the melting point of elec- 
trolytic iron (1535°C) was used as 
reference temperature and the trans- 


missivity evaluated by the Wien- 
Planck equation: 
yes =) 
In (Ea) = WET T 


E = Emissivity 

a = Transmissivity 

co = Fundamental constant of 
Planck equation, 14,330 mi- 
cron-degrees 

\ = Wavelength of light used (0.65 
micron) 

T, = True temperature °K 

T, = Apparent temperature °K 


In the special case of the melting 
point of iron versus bottom optical 
reading the apparent temperature was 
1748°K and the true melting point was 
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FIG 3—True temperature vs. observed (optical) temperature. 


1808°K as measured by the platinum- 
rhodium couple. These values lead to 
a transmissivity of 0.65 which is con- 
sidered constant within a temperature 
range of 1500-1900°C. 

Once the transmissivity of the inter- 
vening optical system (sight glass and 
prism) was determined, the emissivity 
of liquid iron was calculated from 
observed top temperatures by the 
Wien-Planck equation using the ex- 
perimental true and observed tempera- 
tures plotted in Fig 3. The scattering of 
the points in the emissivity plot of 
Fig 4 is of no great significance because 
even a slight error in the measurement 
of true or observed temperature will 
cause a relatively large change in the 
emissivity, since the logarithm of the 
emissivity is proportional to the dif- 
ference in the reciprocal of the tem- 
peratures. An accuracy of +5°C in 
observed temperature is equivalent to 
a change of +0.017 in emissivity 
values at 1600°C. Variation of the ef- 
fective wavelength (A) with tempera- 
‘ture introduces a negligible error in 
emissivity values. 

The total change in the emissivity of 
liquid iron over the temperature range 
of 1540-1900°C is from 0.42 to 0.50. 
The result of this investigation is pre- 
sented graphically with the results of 
previous investigators in Fig 1 showing 
the inconsistency of the reported emis- 
sivity values. Variation of the emis- 
sivity of steels with temperature, 
investigated under plant conditions and 
reported by Sosman!® as 0.39 at 1425° 
and 0.50 at about 1650° agrees qualita- 
tively with the present results. 
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Any correlation between the plant 
data and the emissivity is often much 
less accurate because of the presence of 
atmospheric disturbing factors as in- 
vestigated by Hall! and the surface 
condition of metal.?° 

The emissivity of molten iron also 
varies with the addition of alloying 
elements. The effects of several ele- 
ments have been reported rather in- 
consistently in the available literature. 
The only such element investigated 
here was vanadium which was found to 
have no effect upon the emissivity at 
concentrations up to 2 pct. 
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WALTER L. FINLAY,}+ Member AIME 
Introduction 


Size effects in quenching steel are 
particularly prominent and well recog- 
nized because of the existence of a 
critical cooling rate separating nuclea- 
tion and growth transformations, as 
exemplified by the formation of pearl- 
ite, from the shear type of transforma- 
tion characterizing the martensite 
reaction. The absence of a_ similar, 
sharply demarcating cooling rate is 
characteristic of precipitation harden- 
ing systems and size effects in these are 
correspondingly less prominent. This 
paper is concerned with a size effect in 
high-purity, precipitation-hardenable 
alloys which appears not to have been 
recognized previously. This effect is 
believed to result from the thermal 
fluctuations which inevitably occur in 
quenching a specimen of finite size into 
a cooling liquid rather than from the 
existence of a critical cooling rate. 


QUENCHING “ANOMALIES”’ 


The precipitation hardening litera- 
ture contains many references to so- 
called anomalous quenching and aging 
results. By “‘anomalous’’,, investigators 
usually meant that their alloys did not 
consistently harden on aging after 
quenching according to some antici- 
pated pattern; not infrequently virtu- 
ally no age hardening occurred with 
compositions known to be precipitation- 
hardenable. 

Perhaps the most prominent series of 
anomalies was reported over a 15-year 
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FIG 1—12 pct Al-Zn age hardening and retrogression. 


Longitudinal specimens with 0.1 X 0.5 in. cross-section. 2 hr at 


475°C; 10°C water jet quench. 


Each point the average of five determinations. 


period by Gayler and coworkers on 
aluminum-copper.??:3:4 Working with 
silver-rich copper alloy, Cohen’ secured 
some very interesting Rockwell F 
hardness changes of from 1-5 Rockwell 
points between the first peak and val- 
ley. Fink and Smith borrowed one of 
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Cohen’s specimens and, following his 
heat treatment and quenching practice 
to the letter, secured® very different 
results in which only one peak was ob- 
tained and in which the hardness level 
at the aging time of Cohen’s first peak 
was 20 Rockwell F points higher. 

Fink and Van Horn’ encountered 
serious deviations in age-hardening 
high purity aluminum-zinc alloys. They 
stated that “the discrepancies were 
larger than might be expected from 
possible experimental errors in the 
Brinell readings.” 

Geisler, Barrett and Mehl® likewise 
encountered anomalous hardening re- 
sults in aluminum-silver alloys, secur- 
ing quite different age-hardening curves 
from two identical specimens. They 
stated that ‘“‘the treatments of these 
samples had been the same, so that the 
different behaviors could be attributed 
only to accidental variations in the 
quenching practice.” 
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FIG 2A—12 pct Al-Zn partial immersion quenching. 
Specimen with dimensions of 0.4 X 0.4 X 5.0 in. solution heat 
treated for 2 hr at 475°C; quickly placed vertically in quiet 10°C 
water with lower 2.2 in. immersed until entire specimen below 25°C. 
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FIG 2B—Same as Fig 2A except: 


Edge and midpoint hardnesses on adjacent surface 24 hr after 
quenching. 


Each point a single hardness determination at locations sketched. 
Edge and midpoint hardnesses on one surface one hour after 


quenching. 
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FIG 2C—Same as Fig 2A 
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FIG 2D—Same as Fig 2A except: 


Interior midpoint hardnesses. 


except: 


Interior edge hardnesses. 
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FIG 2E—Same as Fig 2A 


Interior center hardness. 


The present paper presents the view 
that these anomalies may be associated 
with retrogression effected by the ther- 
mal fluctuations accompanying quench- 
ing. Accordingly, the retrogression 
characteristics of the 12 pct aluminum- 
zinc alloy used in the investigation 
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except: 


being reported are outlined in the fol- 
lowing section. 


RETROGRESSION 


Retrogression is a term which has 
been applied? to the curious behavior of 


certain age-hardening alloys according 
to which a quenched alloy partially or 
completely aged at a lower tempera- 
ture, at first softens appreciably before 
slowly hardening again at a higher 
temperature. Masing suggested? that 
the smaller of the precipitation parti- 
cles which were stable at the lower 
temperature went back into solution at 
the higher temperature before addi- 
tional precipitation could occur so that 
the observed weakening occurred. This 
explanation now appears to be gen- 
erally accepted as valid. 

A marked retrogression has been re- 
ported for binary aluminum-rich 
aluminum-zinc alloys. The dashed 
curve in Fig 1 is a reproduction from 
Ref 11 for the 100°C retrogression of 
12 pct aluminum-zinc; the 90 and 
120°C. retrogression curves also plotted 
in this figure present new data. 

The 12 pct aluminum-zinc alloy was 
employed for a large part of the present 
investigation. Its pertinent behavior 
may, in terms of Rockwell 15T hard- 
ness, be summarized as follows: 1. It 
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quenches to a hardness of 50-55. 2. At 
room temperature it ages to 76-78 in 
0.1-0.2 hr, and stays unchanged at 
that level for at least 2 yr. 3. Retro- 
gression from its room temperature 
peak of 76-78 has been shown from 
70°C up to at least 120°C, and doubt- 
less this behavior is even more marked 
at higher temperatures. Within the 
temperature range investigated, the 
bottom of the retrogression valley is 
reached in 1-10 hr, and extends to 
depths of 56-72, the higher the tem- 
perature the shorter the time to the 
valley and the greater its depth. As is 
characteristic of the retrogression reac- 
tion, the rise from the valley is much 
slower than the rate of initial precipi- 
tation hardening at room temperature 
even though the latter is lower. 

The retrogression behavior of binary 
aluminum-copper alloys has been stud- 
ied extensively and, in principle, is not 
dissimilar from that of aluminum-zinc, 
although it differs in details, principally 
in that longer times or higher tempera- 
tures are required for corresponding 
aging effects. 

Commercially pure aluminum-base 
alloys also retrogress and industrial use 
is made of this.!” In general, however, 
commercially pure alloys retrogress 
more reluctantly than their high 
purity counterparts. 


Experimental Work 


The following materials were em- 
ployed in the investigation: 


1. High purity 12 pct aluminum- 
zinc 

2. High purity 4 pct aluminum- 
copper 

3. Commercial purity 24S aluminum 

alloy 

4, Commerical purity 75S aluminum 

alloy. 


The preparation of the first two is 
described in Ref 11; the last two were 
purchased in the form of % in. diam 
rod from Alcoa. 


QUENCHING DIFFICULTIES 


Age-hardening anomalies of the kind 
mentioned in the introduction were 
encountered in attempting to precipi- 
tation-harden high-purity, 4 pct alumi- 
num-copper and 12 pct aluminum-zinc 
creep specimens having a 0.4 in. diam 
by 7 in. gauge length, whereas 14 in. 
thick discs cut from these specimens 
and solution heat-treated and quenched 
together with the creep specimens gave 
consistent room temperature aging 
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results. With the aluminum-zinc alloy, 
for example, a series of 10 individual 
Rockwell 15T hardnesses of 77 +1 
were common with the 1 in. thick 
discs. But individual Rockwell 15T 
hardnesses on either the surface or 
cross-section of 0.4 in. round specimens 
were almost always low and very 
erratic, a typical sequence of readings 
being 50-38-48-22-46. 

Several different quenching proce- 
dures were tried in uniformly unsuc- 
cessful attempts to secure, in the 0.4 
in. round specimens of 12 pct alumi- 
num-zinc, the 76-78 Rockwell 15T 
hardness level very readily attained in 
l¢ in. thick discs of the same material 
merely by dropping them into water. 
A special quenching unit was then 
built as the ultimate in quenching 
effectiveness. This quenching appara- 
tus consisted of two parts: a vertical 
tube furnace for solution heat treating; 
and, axially aligned with the tube, a 
vertical quenching fixture into which 
the specimen dropped directly by 
gravity. A single specimen was sus- 
pended in the central portion of the 
vertical tube furnace by means of a 
wire. After a sufficient period of solu- 
tion heat treating, the wire was cut and 
the specimen plunged directly into the 
jet quenching fixture. The latter con- 
sisted of a 1 in. id brass tube 10 in. long 
with approximately 200 holes 0.050 in. 
in diameter drilled into it in a uniform 
pattern with centers 3 in. apart and 
extending from one end of the fixture 
to the other. Water pressure of 60 psi 
gave rise to 200-odd jets which sym- 
metrically struck the specimen as it 
dropped through the fixture. Jets were 
employed both submerged and not 
submerged. 

The result of this ultimate effort in 
quenching 0.4 in. diam 12 pct alumi- 
num-zinc was a Rockwell 15T hardness 
averaging in the neighborhood of 50— 
something of an improvement over air 
cooling, but still far short of the hard- 
ness obtained on thin disc specimens. 

Several 0.4 in. diam, 4 pet aluminum- 
copper rounds and in. thick discs 
were then jet quenched with similar 
results to those obtained on 12 pct 
aluminum-zinc, although, in the case 
of the 4 pct aluminum-copper, the 
rounds were not so markedly inferior 
to the discs. 

The foregoing results definitely indi- 
cated a size effect. As a practical meas- 
ure, therefore, all subsequent work on 
12 pet aluminum-zince and 4 pct alumi- 
num-copper was done on specimens 
with a maximum thickness of 0.1 


in. In order to gain some insight into 
the phenomena, however, a series of 
partial immersion quenching tests was 
conducted. 


PARTIAL IMMERSION QUENCHING 


Two rectangular bars, one with a 
square cross-section, 0.4 in. on a side, 
and another with a rectangular cross- 
section 0.1 in. thick and 0.4 in. wide, 
were employed in these tests. The 
specimens were solution heat treated in 
the standard manner and then were 
rapidly transferred to the quench 
where, in a vertical position their lower 
ends were immersed in the quenching 
medium. These experimental condi- 
tions were set up in order to secure, in 
one specimen, a wide range of both 
thermal gradients and a wide diversity 
of thermal fluctuations, since it was 
felt that the explanation for the puz- 
zling phenomena encountered must be 
associated with failure, in a given 
region of the specimen, to maintain a 
uniform rate of temperature decrease 
during quenching. 

The square cross-section bar, 0.4 
< 0.4 X 5.0 in., was carefully ma- 
chined with its bases precisely normal 
to the longitudinal axis. All surfaces 
were flat and were polished through 
No. 000 paper. A hole was then drilled 
through one end which thereafter be- 
came the top of the vertically-quenched 
specimen. Three specimens were made 
in this manner: one from high-purity 
12 pet aluminum-zinc; one from com- 
mercial 75S; and one from commercial 
248. Each was individually placed in 
the vertical tube furnace and solution 
heat treated for 2 hr. It was then 
quickly placed vertically in quiet 10°C 
water with the lower end immersed 
until the entire specimen had cooled to 
a few degrees below room temperature. 
One hour after quenching, pencil lines 
were drawn on one side of the bar as 
shown in Fig 2A and hardnesses were 
determined at 0.1 in. intervals from 
bottom to top of the specimen at 
“edge” positions (0.1 in. in from the 
bar edge)and at the ‘‘midpoint”’ 
position (0.2 in. in from the bar edge). 
The specimen was then stored for 24 
hr after quenching to 25°C and hard- 
nesses were similarly determined on an 
adjacent side. The hardness patterns 
shown in Fig 2A and 2B were thereby 
obtained. Because of the care with 
which the specimen had heen machined, 
it was possible to determine hardnesses 
on the bottom of the specimen in the 
nine positions sketched in Fig 2A. 
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FIG 3—100°C aging of Fig 2 specimen. 
After quenching as detailed on Fig 2, aged at 100°C. 
Each point the average of 10 determinations on the surface in the 


region bracketed. 
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FIG 5—100°C aging of Fig 4 specimens. 
After quenching as detailed on Fig 4, aged at 100°C. 
It was found, regardless of quenching medium and loca- 


tion on specimen, that after 24 hr at 100°C all hardness 
values were within 3 Rockwell 15T points of each other. 
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FIG 4—12 pct Al-Zn partial immersion quenching. 
0.1 X 0.4 X 5 in. specimens; 2 hr at 475°C; quickly placed verti- 


cally for quenching— 


© Lower 1.6 in. in quiet 10°C water. 

@ Lower 1.6 in. in quiet 10°C oil. 

(0) Entire specimen in still 25°C air. 

Each point a single hardness determination. 


Hardnesses throughout the interior of 
the bar were then obtained by the fol- 
lowing procedure: the specimen was 
clamped gently into a small vise; a line 
was scratched 0.1 or 0.2 in. from the 
end; the vise and specimen were im- 
mersed in 10°C water; by slow sawing 
with a fine jeweler’s hack saw, a 0.1 or 
0.2 in. thick specimen was cut from the 
end of the bar; by means of slow strokes 
from a clean, sharp, small-toothed file, 
the end of the bar specimen was 
squared up with the longitudinal axis; 
and, finally, the specimen and vise were 
removed from the water, the specimen 
was removed and hardnesses were 
again determined at the nine locations 
sketched in Fig 2A. The results of this 
investigation are shown in Fig 2C, 2D, 
and 2E. There is an excellent general 
correlation between the surface and 
interior hardnesses indicating that the 
necessary machining operations to 
secure the interior hardnesses were 
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carried out so that virtually no change 
in the actual hardnesses was effected 
by the machining operations. On the 
other hand, there are significant dif- 
ferences between the interior and sur- 
face hardnesses which fall into a 
consistent pattern when the data are 
analyzed from the standpoint of 
thermal-fluctuation-actuated retrogres- 
sion and/or overaging. 

The foregoing somewhat laborious 
procedure was carried out only on 
the 12 pct aluminum-zinc specimen 
since, as shown in Fig 6, the commer- 
cial aluminum alloys, 24S and 75S, 
were far less sensitive to whatever 
quenching variables were introduced by 
the test procedure and it was assumed 
that their interior hardnesses were the 
same as their surface hardnesses. 

The data plotted in Fig 6 were de- 
termined one hour after quenching. 
Similar hardness determinations were 
made at intervals up to 500 hr after 


quenching, resulting—in the case of 
both 24S and 75S—in a hardness in- 
crease of approximately 5 Rockwell 
15T points uniformly along the length 
of the bar. Subsequent elevated tem- 
perature aging (10 hr at 190°C for 248 
and 24 hr at 120°C for 75S) likewise 
raised the hardness uniformly along 
the entire length of the bar. 

In order to distinguish between the 
effect of thick and thin specimens, the 
series of partial immersion quench 
tests graphed in Fig 4 was run on 0.1 
< 0.4 X 5.0 in. specimens of 12 pct 
aluminum-zinc. 


SUBSEQUENT AGING OF PARTIAL- 
IMMERSION-QUENCHED 
SPECIMENS 


There are very few investigating 
means available to determine, in a 
polycrystalline specimen during the 
early stages of precipitation hardening, 
at just what stage is a particular 
region in the course of age hardening, 
particularly when, as in the case under 
discussion, the thermal history is both 
widely variable within the specimen 
and known in only a speculative way. 
The simplest procedure which occurred 
to the writer was to age the various 
pieces of the Fig 2 specimen, as well as 
the Fig 4 specimens, at 100°C, since a 
very large background of data had been 
built up on the behavior of 12 pct 
aluminum-zinc aged at this tempera- 
ture. Results of this aging analysis are 
plotted in Fig 3 and 5. 


Discussion of Results 


The outstanding feature of the re- 
sults obtained from the partial im- 
mersion quenching test is the hardness 
of the region just above the quenching 
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liquid level relative to the hardnesses 
of the other regions of the bar. From 
Fig 2, 4, and 6 the following broad 
details can be observed: 

1. The high purity 12 pet aluminum- 
zinc shows a very sharp dip in hardness 
just above the quenching water level 
in the 0.4 in. square cross-section bar 
and the absence of any such dip in the 
0.1 X 0.4 in. rectangular cross-section 
bar quenched in either oil or water. 

2. The commercial purity 0.4 in. 
square cross-section bars of 24S and 
75S show no dip. 

The foregoing findings are the chief 
contribution which this paper offers to 
the experimental knowledge of the 
quenching operation. Unfortunately, 
time was not available to extend the 
investigation to other high purity sys- 
tems than aluminum-zinc; but the 
previously-mentioned difficulties with 
0.4 in. diam specimens of both high 
purity 4 pct aluminum-copper and 12 
pet aluminum-zine and the known lack 
of similar difficulties with commercial 
precipitation hardening aluminum al- 
loys suggested that, in contrast to 
commercially pure alloys, high purity 
alloys may be vulnerable to unavoid- 
able variables in even the best quench- 
ing practice. Among the possible 
explanations for this vulnerability and 
perhaps the most evident are: 


1. Critical cooling rate. It might be 
assumed that a critical cooling rate 
exists, faster than that at which full hard- 
ening on aging subsequent to quenching 
is obtained and slower than that at 
which substantially full hardening during 
quenching to the temperature of the 
coolant is obtained. On this basis it 
might be argued that, after 0.1 hr at 
room temperature, 12 pet aluminum-zinc 
specimens cooled both above and below 
the critical cooling rate would be at 
approximately the same high hardness 
level; at about the critical cooling rate, 
such specimens would be soft, since very 
little precipitation would have occurred, 
yet room temperature precipitation could 
be very slow because the lattice defects 
present in volently quenched speci- 
mens would not be present to pro- 
mote nucleation, despite the appreciable 
supersaturation. 

2. Quenching stresses. Phillips and 
Brick suggested! that ‘“‘quenching 
stresses are an important factor in 
accelerating and, perhaps, actually caus- 
ing, age hardening.” 

3. Thermal fluctuations. Throughout 
the present paper the term “thermal 
fluctuations” is defined to comprise the 
momentary fluctuation which it is 
assumed would be observed if a con- 
tinuous, instantaneous record could be 
kept of representative isotherms in a 
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quenching. 
24S and 75S bars with the same dimensions and heat treatment 
as Fig 2A. Each point the average of three determinations across 
the width of the specimen made one hour after quenching. 


Table 1... Data on Quenching 


Rates of 75S 
Quenching 
Rate* 


75S Specimen and Coolant (°F per Sec) 


146 in. sheet— 


BIE CS rg at. Gack ae ee ee ee 4 
ONS coe os cae ee eee 128-1600 
Watered.) su tee Soe eee ree 2500 
34 in. diam, water quenched— 
cen teriast S..cie sau Serene 830 
4 in. diam, water quenched— 
+6 in. from surface, 05... cc. o- 280 


Conter: 0. Leper eRe Aes we 42 
2 in. diam; water quenched— 

Jeinvfrom surtace sys... cena « 430 

COMER ayare ceo aes cee fae te 135 

* Average through the range 750—550°F. 
specimen being quenched. Such fluctu- 
ations would mean that, in a given small 
region affected (that is, a volume element 
several hundred atoms in diameter and 
larger), the temperature would first fall 
and then, momentarily, would rise before 
again falling. With slow, uniform cooling 
presumably an isotherm would contract 
uniformly without appreciable fluctu- 
ations occurring. With submerged jet- 
quenching of thin sections, perhaps 
such fluctuations would be minimized. 
With more massive specimens, however, 
the combination of fluctuating vapor 
zone surrounding the specimen being 
quenched, coolant convection currents, 
and an appreciable quantity of heat 
to be removed from the interior of the 
specimen, is assumed to give rise to 
thermal fluctuations of sufficient magni- 
tude to cause the anomalous hardening 
results which have been reported. 


In considering the critical cooling 
rate possibility, the excellent experi- 
mental work of Fink and Willey! is 
quite useful. These investigators estab- 
lished a ‘‘C”’ curve for 75ST, plotting 
as a function of time at isothermal 
quenching temperatures, the percent- 
ages of full 75ST properties attained. 
This work, in common with other pub- 
lished data by Fink and his collabora- 
tors on the precipitation hardening of 
high purity aluminum-copper and in- 
cluding the classic paper on double 


aging peaks,® was done with 0.064 in. 
thick specimens and thus, according to 
the findings of the present investiga- 
tion, were quenched entirely satisfac- 
torily. Fink and Willey also published** 
extensive quenching rates for 75S, a 
few pertinent data being given in 
Table 1. 

From this tabulation it can be ob- 
served that, in aluminum alloys, air 
cooling is negligibly slow relative to the 
cooling effected by conduction through 
the aluminum to a water quenched 
surface. Additional pertinent informa- 
tion on quenching rates in aluminum 
alloys has also been given by Loring, 
Baer, and Carlton,!4 who employed a 
modified Jominy quench test specimen 
for their investigation. Extrapolating 
the Fink and Willey cooling rate data 
to the partial immersion quenching of 
the 0.1 and 0.4 in. thick specimens of 
the present investigation, one can con- 
clude that, if a critical rate were of 
controlling importance, both these 
specimen thicknesses would have ex- 
hibited a sharp hardness dip if one did. 
The high purity 12 pct aluminum-zinc 
alloy showed a marked hardness dip 
in the 0.4 in. thickness but not in the 
0.1 in. thickness. Hence it is concluded 
that the existence of a critical cooling 
rate does not explain the findings. 

In developing their quenching stress 
thesis with high purity aluminum- 
copper alloys, Phillips and Brick used 
specimens from 0.0025 in. diam (filings) 
to 1.5 im. diam rod. Their many 
ingenious experiments established a 
very consistent trend in increasingly 
anomalous behavior with increasing 
specimen diameter. They concluded 
that the anomalies were related to and 
perhaps originated in the solution heat 
treatment and quench. It is perhaps 
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significant, in light of the data re- 
ported by the present paper, that 
Phillips and Brick secured quite uni- 
form results up to a specimen thickness 
of 0.125 in., but that from the next 
greater thickness (0.25 in.) investi- 
gated, results were increasingly anoma- 
lous. In a very worthwhile discussion of 
the Phillips and Brick investigation, 
Barrett estimated the magnitude of the 
quenching stresses existing on a radial 
element near to the surface of the 
specimens and concluded that they 
reached a maximum compressive stress 
of about 15,000 psi. More recent work 
by Finlay and Hibbard?! investigated 
the effect of 100,000 psi hydrostatic 
pressure on the precipitation hardening 
of the 12 pct aluminum-zinc alloy. This 
hydrostatic pressure aging is of course 
a different situation from that obtain- 
ing in a quenched cylinder which has 
tangential tensile stress and radial 
compressive stress present. The hydro- 
static pressure aging indicated that 
-precipitation hardening was both ac- 
celerated and intensified relative to 
atmospheric-pressure-aged specimens, 
but the differences were by no means 
great enough to account for those 
shown by the present investigation. In 
any case, both the region of the sharp 
hardness dip and the region of the high 
hardness plateau at the upper end of 
the 0.4 in. thick, 12 pct aluminum-zinc 
specimen were above the water level 
and, therefore, were in locations where 
quenching stresses were much less than 
in the region below the water level and 
presumably were quite low. Accord- 
ingly, it does not appear that quench- 
ing stresses can explain the results 
obtained. 

In considering the possible action of 
thermal fluctuations on a precipitation 
hardening system, one is led to the 
thought that they may—under proper 
combinations of time, temperature, 
and composition—effect retrogression. 
From Fig 3 and 4 it is seen that the 
various regions of the 12 pct aluminum- 
zinc alloy, whether of the 0.4 in. square 
or 0.1 X 0.4 in. rectangular cross- 
sections, and whether water, oil, or air 
quenched, do indeed exhibit a 100°C 
aging behavior which is consistent 
with the hypothesis that each has been 
retrogressed to a different degree de- 
pending upon the kind of thermal 
fluctuations to which it was subjected. 

The element of retrogression which 
appears rather definitely to be present 
in the hardness dip region of the 0.4 
in. square aluminum-zinc specimen 
is the existence of a supersaturated 
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solid solution which is much less un- 
stable than the same structure freshly 
quenched. This is evidenced by the 
relatively quite slow hardening rates at 
100°C shown in Fig 3 compared to the 
much faster room temperature aging of 
the freshly quenched specimens shown 
in Fig 1. Similarly slow hardening rates 
are assumed in Fig 5, as shown by the 
dashed lines, since, unfortunately, data 
were not taken earlier than 22 hr on the 
100°C aging of the Fig 5 specimens. 
Guinier’s explanation!® for the reduced 
hardening rate of the retrogressed 
structure assumes that the as-quenched 
matrix lattice is subjected to high in- 
ternal stresses and, accordingly, has 
many lattice defects which promote 
nucleation of precipitate particles. 
Both the initial aging at room tempera- 
ture and subsequent retrogression 
“anneal” at 100°C given the alumi- 
num-zine specimen tend to diffuse these 
defects away, so that the nucleation 
rate is reduced and, with it, the rate of 
hardening. 

Evidence for the presence of the 
other element of retrogression—resolu- 
tion of coherent precipitate particles— 
is not clear from the data obtained. It 
seems possible that both re-solution 
and overaging (that is, breaking away 
from coherency with the matrix) of 
precipitate particles are involved. Thus, 
in the case of the air quenched speci- 
men of Fig 4, some precipitation must 
have occurred during the period of 
relatively slow cooling and subsequent 
room temperature aging of one hour’s 
duration. The low hardness can be 
interpreted to indicate that some of 
the larger precipitite particles had 
broken away from coherency. Upon 
subsequent 100°C aging, some of these 
noncoherent particles may have redis- 
solved in the aluminum matrix; others 
may have remained noncoherent; and 
possibly a number of coherent precipi- 
tate particles redissolved. In any case, 
the typical retrogression feature of a 
more perfect lattice and, consequently, 
a lower rate of nucleation are believed 
to have obtained and resulted in a re- 
duced rate of hardening to the retro- 
gression peak. This point of view is 
employed in the following paragraphs 
to examine the details of Fig 2 and 3: 

1. The Fig 2 data show generally 
falling hardness from the bottom of 
the specimen to the water line. Below 
the latter it is pictured that the thermal 
fluctuations are quickly quieted by the 
rapid water quenching, the more rapid 
and effective the quenching (as in the 
bottom and edges) the less the thermal 


fluctuations. Thermal fluctuations, aris- 
ing from heat coming from the interior, 
tend to begin to retrogress the outer 
portions so that they exhibit somewhat 
less than the expected room tempera- 
ture hardness peak of 75-80 Rockwell 
15T. Consistent with this, Fig 3 shows 
that on subsequent 100°C aging, 
retrogression continued and then re- 
covery set in until the retrogression 
peak was attained. This viewpoint is 
consistent with the additional obser- 
vations that: (a) the surface midpoint 
exhibits lower hardnesses than the sur- 
face edges; and (b) the surface has 
lower hardnesses than the interior. 

2. Between the water line and 0.8 
in. above the water line it is observed 
that (a) surface hardness is very low 
and does not change appreciably with 
distance but there is a noticeable tend- 
ency for the surface midpoints to be- 
come harder than the surface edges, 
and (6) like the surface, the interior 
hardness reaches a decided low at about 
the water line but, unlike the surface, 
the interior hardness recovers to higher 
values very quickly as the distance in- 
creases from the water line. 

It is envisioned that because of the 
slower cooling just above the water line 
relative to that below the water line 
there are sufficient degree and duration 
of thermal fluctuations to soften the 
matrix to the retrogression valley. Fig 
3 shows that subsequent 100°C aging 
raises this region out of the valley up to 
the retrogression peak. The interior is 
believed not to be subjected to as 
severe retrogression as the surface 
except at the water level and so it is 
generally harder but nevertheless at 
the retrogression valley. 

3. Beyond approximately 1 in. above 
the water level, the hardnesses of all 
regions are at the highest levels at- 
tained and are matched only by the 
hardness at the very bottom of the 
specimen where presumably quenching 
was best. It is hypothesized that at the 
still slower cooling rate of this region, 
relative to that just above the water 
level, there is a longer period of severe 
thermal fluctuations capable of retro- 
gressing the structure so that this 
region is retrogressed to the retrogres- 
sion peak. Accordingly, on subsequent 
100°C. aging, as shown in Fig 3, the 
hardness falls off very slowly due to 
overaging. 

A. From 0.8 to 1.8 in. above the 
water line it is observed that the sur- 
face midpoint is harder than the surface 
edge. This is just the opposite from the 
situation below the water line. Never- 
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theless, the thermal fluctuation retro- 
gression theory gives a_ consistent 
explanation of the happenings. From 
its viewpoint it is believed that the 
edges both in the region under discus- 
sion and also below the water line are 
not retrogressed as much as the mid- 
points but, since in this case the hard- 
ness of the region is climbing out of the 
retrogression valley, the midpoints 
have reached the retrogression peak 
and are therefore harder than the edges 
which have not yet attained it. In the 
case of the region below the water the 
midpoints have also retrogressed more 
than the edges but there its advanced 
stale meant that it had descended 
farther into the retrogression valley 
and hence was softer than the edges. 
Fig 4 and 5 give the results of 0.1 in. 
thick bars as contrasted to the 0.4 in. 
thick bars of Fig 2 and 3. Similar, 
though less marked, results are shown 
in Fig 4 and 5 to those portrayed in 
Fig 2 and 3. The explanation for the 
data is also believed to be similar. No 
significant difference was found be- 
tween the midpoints and the edges 
since there was not a sufficient thermal 
reservoir in the interior to give rise to 
it. For the same reason, a pronounced 
hardness valley was not developed 
just above the water line. The air- 
cooled specimen was discussed earlier. 
Subsequent aging of these specimens 
at 100°C resulted in the remarkably 
uniform hardness level characteristic 
of 12 pct aluminum-zine overaging 
slowly from the retrogression peak. 
Unlike the high-purity 12 pct alumi- 
num-zinc, the commercial 75S and 24S 
bars with an 0.4 in. square cross-section 
did not exhibit a vulnerability to poor 
quenching practice. This is believed to 
be due to the fact that the commercial 
alloys have relatively very stable pre- 
cipitates which resist retrogression and, 
indeed, this feature would appear to be 
a prerequisite to industrial use. As 
shown in Fig 6, the hardness curves, 
after partial immersion quenching of 
75S and 248, show no tendency what- 
ever towards the hardness valley which 
is such a pronounced feature of the 
comparable 12 pct aluminum-zinc bar. 


Summary and Conclusions 


The high purity, binary, aluminum- 
zinc alloy containing 12 pct zinc was 
shown to exhibit marked retrogression 
at quite moderate temperatures. By 
means of a special testing technique, 
termed partial immersion quenching 
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and aging, it was established that this 
alloy was quite vulnerable to the 
variables encountered during quench- 


ing, and this was ascribed to its ready 
retrogression, possibly in concert with 
overaging, as effected by thermal 
fluctuations; further, that this vul- 
nerability dropped to negligible pro- 
portions when the specimen thickness 
was not greater than 0.1 in.; and, 
finally, that commercial purity alloys 
24S and 75S are not at all similarly 
vulnerable. Smaller scale tests indi- 
cated that high purity 4 pet aluminum- 
copper exhibited a quenching and 
aging behavior similar to that of the 
high purity 12 pet aluminum-zinc alloy. 

A selection from the extensive litera- 
ture on the “anomalous”? quenching 
and aging behavior shown by high 
purity, binary, precipitation hardening 
alloys was presented. Examination of 
these references shows the use of speci- 
men thicknesses considerably greater 
than 0.1 in. The thicknesses employed 
included 3(, in. for silver-aluminum ;° 
14 in. for aluminum-zinc;:’ 14 in. for 
aluminum-silver;? 54, in. for alumi- 
num-copper;!?*4 and, quite recently, 
14g in. for aluminum-copper.!® The 
majority, and perhaps all, of these 
anomalies are perhaps explicable on the 
basis of the size effect postulated by 
this paper. Additional evidence sup- 
porting this view is given in Ref. 3 
wherein, when some of the anomalous- 
hardening 54, in. thick specimens were 
forged to 1 in. thickness, good and 
consistent age hardening results were 
obtained. 

Based on the foregoing, the gen- 
eralization is tent&tively put forward 
that many precipitation hardening 
systems, particularly those comprising 
high purity binary alloys, may, because 
of ready retrogression and overaging, 
exhibit quite erratic quenching and age 
hardening behavior when the specimen 
thickness exceeds some maximum in 
the neighborhood of 0.1 in:, since 
greater thicknesses inevitably give rise 
to excessive thermal fluctuations upon 
being quenched into a liquid. Com- 
mercial precipitation hardening alloys 
are believed not to be subject to such 
retrogression and overaging, since con- 
siderable tolerance to a relatively wide 
range of quenching conditions is pre- 
sumably one of the essential pre- 
requisites determining the suitability of 
an alloy for industrial use. It would 
appear, therefore, that the research 
worker dealing with noncommercial 
alloys should consider the possibility of 
a significant size effect in many precipi- 


tation hardening systems and should 
employ some procedure such as the 
partial immersion quench test to in- 
sure that his quenching practice does 
not contain any uncontrolled variable 
which may invalidate his data, par- 
ticularly in the early stages of aging. 
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The Ternary System, Copper- 
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Introduction 


The preparation and fabrication of 
copper-manganese-zinc alloys and the 
evaluation of their engineering proper- 
ties have for some time been an 
integral part of a research program of 
the Federal Bureau of Mines. In this 
project, the use of electrolytic man- 
ganese, along with high purity copper 
and zinc, has permitted the preparation 
of alloys which contain a minimum of 
impurities which are capable of pro- 
ducing detectable effects in the proper- 
ties studied. The initial work on the 
physical properties of wrought alpha 
solid solution alloys and a general 
outline of the alpha solid solution area 
for alloys containing up to 40 pct man- 
ganese have been presented in previous 
reports.!:?34.5 The evidence accumu- 
lated in these investigations clearly 
showed that additions of manganese 
to the copper-zinc alloys improve the 
strength properties of the brasses 
without seriously reducing their char- 
acteristic ductility and that considera- 
ble quantities of manganese could be 
added to the copper-zinc alloys without 
exceeding the mutual solubilities of 
manganese and zinc in copper. In con- 
tinuation of these studies, additional 
data have been obtained in a more ex- 
tensive investigation of the phase 
relationships of the copper-manganese- 
zinc ternary system. The present 
report delineates the solid phase 
boundaries of the ternary system from 
the copper-zinc binary to the man- 
ganese-zinc binary for alloys containing 
up to 50 pct zine. 


Summary 


The alloys used in this investigation 
were conditioned by working schedules 
designed to homogenize the structures 
prior to heat treatments required for 
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FIG 1—Condition of the alloys prior to thermal treatments used in this investigation. 


the equilibrium phase study. The 
treated alloys were examined by 
metallographic methods including hard- 
ness and X ray data for confirmation. 

The composite data of the investiga- 
tion are summarily presented in a series 
of isothermal sections of the ternary 
system at 1100, 1200, 1300, 1400, and 
1500°F. The salient features of the 
system as outlined by these data are: 
(1) the continuous alpha solid solution 
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which extends across the diagram to 
the gamma-manganese phase of the 
manganese-zinc system at tempera- 
tures of 1200°F and higher, (2) the 
beta phase of the copper-zinc system 
similarly forms a continuous solid 
solution with its counterpart the beta 
field of the manganese-zinc binary, (3) 
at 1100°F (593°C) these alpha and beta 
fields are greatly restricted by compli- 
cations arising from the allotropic 
transitions of manganese and the de- 
creasing solubility of manganese in the 
alpha solid solution. The alpha + beta 
fields intersect the alpha + alpha man- 
ganese field to produce the beta + 
alpha manganese field and two ad- 
jacent three phase fields consisting of 
alpha + beta + alpha manganese and 
gamma + beta + alpha manganese. 
Typical microstructures representa- 
tive of the various phase areas at each 
temperature are also presented. 


Review of Previous Work 


The copper-manganese-zinc alloys 
have periodically been the subject of 
numerous investigations of both prac- 


Metals Transactions, Vol. 185... 675 


tical and theoretical significance.® In a 
large measure, these studies have been 
concerned with the duplex, alpha + 
beta, alloys which constitute a com- 
mercially important group of engineer- 
ing materials normally referred to as 
manganese bronzes. The actual man- 
ganese content of these alloys seldom 
exceeds 4 to 5 pct, and frequently is 
less than the total iron, nickel, tin and 
lead contents. Other investigations of 
the higher manganese compositions by 
Heusler,’? Bauer and Hansen,® Guillet,?® 
and Hieke and Ledebur!® have been 
somewhat more extensive but are of 
limited value since their results were 
based on relatively impure alloys under 
admittedly nonequilibrium conditions. 
Reports by members of the Bureau’s 
staff,45 have discussed the characteris- 
tics of a large group of the copper- 
manganese-zinc alloys, but did not 
4nclude alloys containing more than 40 
pet manganese. 

The binary systems involved have 
been thoroughly examined in numerous 
studies and the principal phase bound- 
aries are well established. The copper- 
zinc system has recently been reviewed 
by Phillips and Brick.'! The copper- 
manganese system was thoroughly 
examined in the early part of the 
Bureau’s work on alloys of electrolytic 
manganese.!? Potter and Huber? using 
powder metallurgy methods for the 
preparation of the alloys have deter- 
mined the phase relationships of the 
manganese-zinc system for alloys con- 
taining up to 50 pct zinc by X ray dif- 
fraction and thermal analysis methods. 


Experimental Materials 
and Methods 


The alloys used in this investigation 
were prepared from electrolytic man- 
ganese, wire bar grade copper and 
99.99-+- zinc in substantially the same 
manner as described in the previous 
reports on these and similar alloys. It 
is perhaps also unnecessary to list the 
individual analyses for the 145 alloys 
examined but sufficient to point out 
that they were selected from some 500 
heats of copper-manganese-zinc alloys 
which were made for a variety of ex- 
perimental studies. These alloys were 
chosen on the basis of their suitability 
with due regard to their relative 
position in the ternary system and 
their low impurity content. The princi- 
pal impurities present in the alloys are 
iron, silicon, and aluminum. Only four 
of the alloys contained greater than 
0.020 pct iron and these contained 
less than 0.040 pct iron. The silicon 
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content of all the alloys was reported 
as less than 0.005 pct. The residual 
aluminum from the intentionally added 
deoxidizer did not exceed 0.04 pct and 
in 96 of the alloys the aluminum con- 
tent was less than 0.02 pct. 

Since cast alloys are not ideally 
suited for the determination of phase 
relationship because of their inherent 
characteristics of segregation, porosity, 
tendency for grain boundary con- 
stituents, persistence of agglomerated 
precipitates, and others, efforts were 
made to give the alloys a substantial 
amount of working before the final 
thermal treatments. However, this was 
not possible in all cases and a fixed 
processing schedule which would suit 
all the alloys could not be devised. 

In this investigation one group of the 
copper rich alloys has been hot and 
then cold worked. Another group con- 
taining higher manganese and zinc was 
hot worked only and still other com- 
positions were examined in the as-cast 
condition. The metallurgical condition 
and composition of the individual al- 
loys prior to heat treatment are de- 
noted in Fig 1. Contrary to the general 
tradition that high manganese alloys 
are normally quite brittle and unwork- 
able, this chart shows that a sub- 
stantial proportion of the alloys was 
hot rolled or forged. With proper 
adjustment of temperature in accord- 
ance with the phase boundaries subse- 
sequently developed, no doubt many 
of the other compositions could have 
been hot and cold worked. In fact, in 
some later work, many of the alloys 
containing more than 50 pct man- 
ganese with 10 to 15 pct zinc were cold 
rolled 60 pct reduction in thickness 
after quenching from 1400°F (760°C) 
without difficulty. 

The high copper alloys which were 
finished by cold working, Fig 1, had, 
in addition to some hot reduction, three 
anneals with cold reductions averaging 
50 to 60 pct between anneals. The hot 
worked alloys were reduced approxi- 
mately 80 pct from the as-cast size with 
intermittent soaking at 1200 or 1400°F 
(648 or 760°C). Examination of the 
hot worked alloys showed the cast 
structures were entirely destroyed and 
that homogeneous or uniform struc- 
tures were produced. 

Several of the alloys were not worked 
prior to heat treatment. These alloys 
were primarily those highest in zinc 
or manganese. The castings, which 
were chill cast in 114-in. diam ingots, 
were quite uniform and clearly defined 
in structure and without serious 


segregation. 

Specimens of the individual alloys 
were heat treated for periods of 4, 8, 24, 
and 48 hr at 1300, 1400, and 1500°F 
(704, 760, and 815°C) and for 24, 48, 
and 200 hr at 1100 and 1200°F (593 
and 648°C) in an atmosphere of 
helium, then quenched. In some of the 
highest manganese alloys slight de- 
manganization occurred but seldom 
penetrated more than a few thou- 
sandths of an inch deep. All heat 
treated specimens were bisected so that 
an internal surface of one section could 
be used for metallographic study and 
the other was reserved for incidental 
hardness checks and X ray diffraction 
patterns as required for confirmation. 

Approach to equilibrium conditions 
was determined by comparison of the 
structures obtained by various time 
periods at the same temperature. In 
general the structures differed but 
slightly and these differences were 
usually in amount of phases present. 
In a few instances, a phase was found 
to disappear in borderline compositions 
with longer heating periods. Structure 
of specimens held 24 and 48 hr at 1300, 
1400, and 1500°F (704, 760, and 815°C) 
were unchanged by the longer time at 
temperature. Similarly structures of 
materials treated for 48 and 200 hr at 
1100-.and 1200°F (593 and 648°C) 
exhibit no change with the longer soak- 
ing time at temperature. The final 
observations from which the isothermal 
diagrams were drawn are based on the 
48-hr treatment for 1300, 1400, and 
1500°F (704, 760, and 815°C), while the 
1100 and 1200°F (593 and 648°C) sec- 
tions were based on 200-hr specimens. 


Discussion of Results 


The results of the investigation are 
graphically represented in Fig 2, 3, 4, 
5, and-6 in which the isothermal sec- 
tions for the ternary copper-manga- 
nese-zinc system at 1500, 1400, 1300, 
1200, and 1100°F (815, 760, 704, 648, 
and 593°C) temperature levels have 
been drawn. In these drawings, the 
various phase boundaries have been 
extrapolated to the solubility values 
taken from the established copper-zinc, 
manganese-zinc, and copper-manga- 
nese diagrams. Where experimental 
observations permitted positive place- 
ment of the phase boundaries, solid 
lines have been drawn. Where the data 
are too incomplete for accurate place- 
ment of the phase boundary, but the 
trend of the field was known, dashed 
lines were used for the extension of the 


OCTOBER 1949 


AR Se, 


RRA 


LIV YI 


Ree eT COM <o i= LO oA ALS ane eee: 


° oS 
oe (> Ss Ps New iy A” hl ra G 
PERCENT MANGANESE 


S/N ee. 
y INAVAT AV ASN 
ISAS PINGS, 
WAV AV saranvACVAWA 


VIANAVATAYAR is 


\ 
Q 
° e ® > > 3 é ° S $ 
PERCENT MANGANESE 


FIG 4—The isothermal section of the copper-manganese-zinc system at 
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FIG 5—The ‘sothemnral section of the copper-manganese-zinc system at 1200°F (648°C). 
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FIG 6—The isothermal section of the copper-manganese-zinc system at 1100°F (593°C). 


boundary. In each of the isothermal 
sections, certain of the phase fields were 
not defined by the data but because 
they are necessary construction im- 
posed by the binaries or by data in 
subsequent sections, dashed lines have 
been used to approximate their position. 

At 1500°F (815°C), Fig 2, the alpha 
and beta solid solutions of the copper- 
zinc system extend uninterrupted to 
the manganese-zinc binary although 
the solubility of zinc in these phases 
decreases to a minimum at approxi- 
mately 40 pct manganese then increases 
with larger amounts of manganese 
reaching a maximum solubility at the 
manganese-zinc binary. Some restric- 
tion in the alpha solid solution occurs 
near the manganese corner and a two 
phase field of alpha solid solution plus 
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beta manganese has been estimated on 
the basis of the solubility data of the 
manganese-copper and manganese-zinc 
system. The solidus line which has been 
incorporated in the 1500°F (815°C) iso- 
therm is not intended as an exact 
solidus but has been drawn primarily to 
differentiate between those alloys which 
showed evidence of melting and those 
which did not exhibit melting at this 
temperature. 

Manganese decreases the solubility 
of zinc in the alpha phase of the cop- 
per-zinc system. The alpha and beta 
solubility lines are substantially paral- 
lel to one another and parallel to the 
lines of constant copper up to 15 to 20 
pct manganese. In general, manganese 
and zinc act as equivalents. The present 
data show slightly less solubility of 


zinc in the alpha and beta phases in 
the range of 20 to 40 pct manganese 
than were previously recorded in work 
on the alpha solubility limits. Cal- 
culations by Hume-Rothery™ on the 
earlier data, showed that manganese in 
small amounts affected the alpha-beta 
equilibrium as though it were a divalent 
element but departed from this simple 
relationship at rather low manganese 
contents. The solubility line of the 
present investigation indicates the 
solubility curves are comparable to the 
theoretical curve up to 15 to 20 pct 
manganese if equilibrium were deter- 
mined by electron concentration alone 
and manganese possessed a valency 
of 2. As the concentration of manganese 
increases beyond 20 pct the alpha + 
beta phase field tends to widen and 
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FIG 7—A |pha (light) and beta retained in the 58.0 Mn, 26.0 Zn alloy quenched from 1500°F. 


X 250. ASTM copper preheat No. 11. 


FIG 8—Beta (dark) and grain boundary alpha formed during cooling the 40.5 Mn, 14.2 Zn alloy from 1500°F. 


X 250. ASTM copper etchant No. 11. 


FIG 9—A\lpha (light) and transformed beta (dark) in the 33.6 Mn 10.6 Zn alloy quenched from 1500°F. 


X 250. ASTM copper etchant No. 11. 


FIG 10—A pha (light) and retained beta (dark) in the 58.0 Mn 26.0 Zn alloy quenched from 1400°F. 


xX 250. ASTM copper etchant No. 11. 


FIG 11—A\lpha (light) and beta (dark) structure of the 40.0 Mn 19.2 Zn alloy quenched from 1300°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 12—A\lpha (light) and beta manganese (dark) in the 72.1 Mn 3.2 Zn alloy quenched from 1300°F. 
X 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 


becomes more or less parallel to the 
copper-manganese binary at approxi- 
mately 40 pct manganese. With larger 
amounts of manganese, the alpha + 
beta field continues to widen and the 
solubility of zinc in both the alpha and 
beta phases increases. These solubility 
curves are extrapolated from the 15 
pet copper line to the manganese-zinc 
binary and decrease considerably in 
width with decreasing copper to cor- 
respond with the extent of this phase 
field in the binary system. 

Similar trends of the alpha/alpha + 
deta and beta/alpha + beta solubility 
lines for the ternary system are shown 
in the 1400°F (760°C) isothermal sec- 
tion in Fig 3, although these curves are 
displaced to higher zinc concentrations. 
The solidus shifts rapidly as the tem- 
perature decreases from 1500 to 1400°F 
(815 to 760°C) and a rather large beta 
area is formed at the lower tempera- 
ture. The projections of the beta + 
gamma field of the copper-zinc system 
and the beta + epsilon field of the man- 
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ganese-zinc system are also introduced 
at 1400°F (760°C). 

At 1300°F (704°C), Fig 4, the gen- 
eral shape and contour of the alpha and 
beta boundaries remain substantially 
the same as indicated for the higher 
temperatures. The alpha/alpha + beta 
and beta/alpha + beta lines are ap- 


‘proximately parallel giving the field a 


spread of 5 to 6 pct as measured on lines 
of constant manganese for all compo- 
sitions up to about 40 pct manganese. 
With increasing manganese the two 
phase field widens to a maximum at 
60 pct manganese then decreases to the 
manganese-zinc binary values. 

The metallographic structures of 
specimens treated at 1300, 1400, and 
1500°F (704, 760, and 815°C) are in 
general quite similar to the character- 
istic alpha and beta structures of the 
copper-zinc system and are readily 
identified. Some exceptions, however, 
were encountered in the beta alloys 
which were immediately adjacent to 
the beta/alpha + beta boundary. 


These alloys, particularly in the low 
manganese range, often transform 
bodily to the alpha phase during the 
quench making it difficult to be posi- 
tive of the high temperature structure. 
Characteristic micrographs of these 
structures as well as structures of the 
alpha and beta phases for alloys con- 
taining less than 30 pct manganese 
were presented in the report on the 
alpha solubility limits.‘ Phillips!® has 
also described the mass transformation 
reactions for the binary copper-zine 
alloys. 

Representative structures for alloys 
containing more than 40 pct manganese 
and falling within the alpha + beta 
and beta fields are illustrated in Fig 7 
to 11, inclusive. In these structures the 
beta phase appears as the dark or 
acicular constituent. In general, in- 
creasing manganese tends to stabilize 
the beta phase, but varying degrees of 
decomposition depending on composi- 
tion and temperature were found to 
occur. 
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FIG 13—Beta and gamma phases in the 5.6 Mn 54.2 Zn alloy quenched from 1300°F. 


x 250. ASTM copper etchant No. 11. 


FIG 14—A\llpha and beta structure of the 43.4 Mn 31.0 Zn alloy quenched from 1200°F. 


xX 250. ASTM zinc etchant No. 4. 


FIG 15—A\lpha and beta structure of the 37.5 Mn 22.0 Zn alloy quenched from 1200°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 16—Allpha solid solution with alpha manganese in the 55.8 Mn 4.8 Zn alloy quenched from 1200°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 17—Beta and epsilon structure of the 30.3 Mn 53.6 Zn alloy quenched from 1200°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 18—Beta with a smal! amount of the gamma phase in the 1.75 Mn 50.8 Zn alloy quenched from 1100°F. 
x 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 


Fig 7 and 10 are characteristic alpha 
+ beta structures obtained when there 
is little tendency for the beta phase to 
decompose. The formation of grain 
boundary and acicular alpha within the 
beta grain, Fig 8, occurs during the 
quench. Fig 9 illustrates an alpha + 
beta structure in which the beta phase 
is almost completely transformed dur- 
ing the cooling. In the micrograph of 
Tig 11, designated as an alpha + beta 
structure, it is quite probable that most 
of the alpha present was formed during 
the quench and that the beta/alpha + 
beta boundary could be lowered 
slightly at this point. However, evi- 
dence from the near-by compositions 
and the trends shown in pseudo-binary 
sections for higher and lower tempera- 
tures point to the position of the solu- 
bility line given. 

The alpha + beta manganese struc- 
ture is shown in Fig 12 for one of the 
alloys which falls within this field at 
1300°F (704°C). The microstructure in 
Fig 13 is typical of the low manganese 
high zinc alloys in the beta + gamma 
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field and are similar to the structures of 
beta + gamma brasses. 

The beta solid solution field is 
slightly reduced by the beta + gamma 
and beta + epsilon fields at 1200°F 
(648°C), Fig 5, and the alpha + beta 
boundary has shifted to higher zinc 
concentrations. The eutectoid decom- 
position of the beta phase in the 
manganese-zinc system requires the 
formation of the three phase field 
alpha + beta + epsilon and the alpha 
+ epsilon field which have been tenta- 
tively positioned in the isothermal sec- 
tion for this temperature. 

The contour of the alpha solubility 
line has a decided bulge at 60 pct man- 
ganese and 20 pct zinc but the field of 
complete miscibility remains with a 
narrow corridor between the manganese 
solubility curve and the alpha/alpha + 
beta line. Since the gamma manganese 
phase of the manganese-zine system, 
which has been treated as the alpha 
solid solution phase of the ternary sys- 
tem up to this point, remains stable at 
this temperature and none of the beta 


or alpha + beta alloys was found to 
contain manganese, it was assumed 
that these two boundaries have not 
joined at this temperature. It must be 
admitted, however, that only a limited 
number of alloys are positioned in this 
area. If a junction of the two lines 
did occur, it would necessarily be 
in the neighborhood of compositions 
containing less than 10 to 12 pct cop- 
per and alloys in the adjacent fields 
would contain precipitated manganese. 

A new three phase field is introduced 
in the manganese rich corner of the dia- 
gram at 1200°F (648°C) based on the 
alpha to beta transition of manganese. 
Here again, the exact position of the 
alpha + alpha manganese + beta 
manganese field has been estimated, 
since all of the experimental composi- 
tions were found to contain only the 
alpha manganese phase. The beta man- » 
ganese phase of the manganese-zinc 
system is stable at this temperature, 
therefore the three phase area must be 
placed at some intermediate position. 

Microstructures representative of the 
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FIG 19—Transformed beta and gamma phases of the 10.2 Mn 49.6 Zn alloy quenched from 1100°F. 
X 250. ASTM copper etchant No. 8 with 10 pct acetic acid added. 
FIG 20—A Ipha with traces of beta in the 19.7 Mn 22.2 Zn alloy quenched from 1100°F. 


X 250. ASTM copper etchant No. 11. 


FIG 21—Alpha + beta + alpha manganese structure in 54.5 Mn 19.2 Zn alloy quenched from 1100°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 22—Beta solid solution with alpha manganese in the 53.2 Mn 21.2 Zn alloy quenched from 1100°F. 


X 250. ASTM zinc etchant No. 4. 


FIG 23—Beta (dark) + gamma of the manganese-zinc system (light) + alpha manganese (black) in the 48.4 Mn 26.4 Zn alloy 


quenched from 1100°F. 
X 250. ASTM zinc etchant No. 4. 


FIG 24—Beta (dark) and gamma of the manganese-zinc system (light) in the 47.2 Mn 29.3 Zn alloy quenched from 1100°F. 


various phase fields at 1200°F (648°C) 
are shown in Fig 14 to 17, inclusive. 
Structures containing alpha and beta 
phases are shown in Fig 14 and 15. At 
this temperature, the high manganese 
beta phases are usually retained in the 
quench and do not transform or decom- 
pose. In Fig 14, the alpha phase is 
present in very minor amounts and the 
large grains of beta are restrained by 
the alpha. The alpha and beta structure 
in Fig 15 is representative of alloys 
which are more or less equidistant from 
the respective solubility limits. Fig 16 
illustrates the alpha solid solution + 
alpha manganese alloys. Typical beta 
+ epsilon structure is shown in Fig 17. 

Sweeping changes occur in the cop- 
per-manganese-zinc ternary system as 
the temperature decreases to 1100°F 
(593°C). The construction given in Fig 
6 is a complicated and radical depar- 
ture from that of the isothermal section 
of Fig 5. The new fields are, however, 
dictated by positive metallographic 
and X ray evidence of the co-existence 
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X 250. ASTM zinc etchant No. 4. 


of the indicated phases in these areas. 
The absence of beta manganese in all 
experimental alloys at 1100°F (593°C) 
and 1200°F (648°C) and the negligible 
solubility of copper in both alpha and 
beta manganese ties these fields to the 
manganese corner. 

The zinc content of the alpha + beta 
field has shifted to still higher values as 
the temperature decreased from 1200 
to 1100°F (648 to 593°C), but the re- 
spective solubility lines of this field 
remain essentially parallel from the cop- 
per-zinc binary to the limit of this field 
at approximately 36 pct manganese. 

Intersection of the alpha + alpha 
manganese and the alpha + beta fields 
creates a four phase invariant plane 
which at 1100°F (593°C) produces the 
two phase field, beta + alpha man- 
ganese, and the two adjacent three 
phase fields, alpha + beta + alpha 
manganese and gamma + beta + 
alpha manganese. Principal evidence 
to support this construction is the com- 
plete absence of beta manganese in any 


of the experimental alloys and the co- 
existence of only the beta and gamma 
phases without either alpha or beta 
manganese. The absence of beta man- 
ganese in the alloys indicates that the 
alpha manganese + beta manganese + 
alpha tentatively placed in Fig 5 must 
sweep toward the manganese-zinc 
binary before the alpha corridor is 
closed by the junction of the alpha + 
beta and alpha + alpha manganese 
fields. Were it otherwise, beta man- 
ganese and beta brass would be found 
to co-exist and this is not the case. 

Representative microstructures for 
the two phase beta + gamma brasses 
are illustrated in Fig 18 and 19. Fig 18 
shows the presence of a small amount 
of the gamma phase associated with 
retained beta. Transformed or decom- 
posed beta and the gamma phase are 
present in Fig 19. 

The microstructures observed for 
several of the ternary alloys containing 
less than 30 pct zinc annealed at 
1100°F, (593°C) are reproduced in 
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FIG 25—Beta (dark) and gamma of the manganese-zinc system (light) in the 52.6 Mn 


26.3 Zn alloy quenched from 1100°F. 
xX 250. ASTM zinc etchant No. 4. 


FIG 26—A Ipha solid solution (light) and alpha manganese (dark) in the 55.4 Mn 13.0 Zn 


Fig 20 to 26. The copper rich alpha 
solid solution with traces of the beta 
phase is illustrated in Fig 20. The 
structure of Fig 21 is somewhat more 
complicated by the presence of alpha 
manganese along with the alpha and 
beta solid solution phases. With such 
structures relief polishing affords a 
rapid method for positive identifica- 
tion of the manganese constituent and 
subsequent etching reveals the beta and 
alpha phases, along with the manga- 
nese. Another characteristic of these 
alloys is the comparatively small grain 
size resulting from the presence of 
manganese which inhibits normal grain 
growth. The constituents in all speci- 
mens within this three phase area were 
also confirmed by X ray diffraction 
data. The precipitation of alpha man- 
ganese within the beta phase is shown 
in Fig 22. Only one specimen was found 
to fall within the narrow three phase 
field beta + gamma + alpha man- 
ganese. The microstructure of this alloy 
annealed at 1100°F (593°C) is given in 
Fig 23. Representative structures of al- 
loys containing only the beta and 
gamma phases at 1100°F (593°C) are 
reproduced in Fig 24 and 25. These two 
micrographs clearly demonstrate the 
absence of a manganese phase. The 
presence of the gamma and beta con- 
stituents was confirmed by X ray 
diffraction. Fig 26 is characteristic of 
the alpha solid solution plus manganese 
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alloy quenched from 1100°F. 
X 250. Unetched. 


alloys. The formation of alpha man- 
ganese in the grain boundaries and cer- 
tain crystallographic planes within the 
grains is quite characteristic of alloys in 
this area. 
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Discontinuous Crack Propagation— 
Further Studies’ 
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L. D. JAFFE,{ Junior Member AIME, E. L. REED,+ and H. C. MANN} 


The authors have recently published? 
evidence that brittle transgranular 
fracture of polycrystalline metals does 
not originate at a point and propagate 
continuously across the material, but 
rather develops at numerous related 
points, leading to a series of micro- 
cracks which subsequently link up. 
Series of related microcracks were ob- 
served in steel specimens broken in 
fatigue—specifically, at the central 
portions which broke during the final 
sudden fracture. 

Microcracks of the type mentioned 
have also been reported by Baeyertz, 
Craig’ and Bumps? in steel broken 
under impact. t Some micrographs pub- 
lished by Irwin? may possibly be in- 
terpreted as showing discontinuous 
brittle cracks. This paper presents 
additional observations of the authors 
on discontinuous crack propagation 
under various conditions. 


Impact Test Specimens 


The impact test specimens were cut 
longitudinally from a_ steel forging 
containing: 


0.24] 0.50) 0.15] 0.034) 0.027) 1.52) 0.03) 0.33 


The heat treatment consisted of oil 
quenching in a heavy section from 
1600°F and tempering at 1260°F. The 
resulting yield strength was 78,000 psi, 
tensile strength 100,000 psi, elongation 
20.0 pct in 2 in., and reduction of area 
55.0 pet. Standard V-notch Charpy 
specimens were broken in a 217 ft-lb 
machine at a striking velocity of 16.8 
fps. Energy absorption and fracture 


t Since preparing this article the authors have 
learned that Tipper!2 observed such microcracks 
near the fracture of mild steel plates. As the 
work of Baeyertz, Craig and Bumps was carried 
on simultaneously and independently of that of 
the authors, and apparently also without knowl- 
edge of Tipper’s paper,!? the microcracks have 
been found independently by three separate 
groups. 
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FIG 1—Impact transition curve. V-notch Charpy specimens. 


appearance of this material in the 
V-notch Charpy test are plotted as 
functions of temperature in Fig 1. 
After test, fractured halves of speci- 
mens appearing 0, 40, 80, and 100 pct 
fibrous (to the unaided eye) were elec- 
troplated with nickel, sectioned longi- 
tudinally (perpendicular to the notch 
at its midpoint), polished and etched 
with Cohen-Hurlich-Jacobson (C-H-J) 
reagent (picric acid plus Zephiran 
chloride in ethyl ether)‘ or with Vilella 
reagent (1 pct picric plus 5 pct hydro- 
chloric acid in ethyl alcohol).® 

Fig 2 and 3 show cracks near the 
path of final fracture in the specimen 
rated 0 pct fibrous. Many of the cracks 
terminate at the boundaries of ferrite 
grains, some at boundaries of pre- 


Cleveland Meeting, October 1949. 

TP 2682 E. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
Manuscript received May 2, 1949. 

* Published by permission of the 


National Military Establishment. 

+ Watertown Arsenal Laboratory, 
Watertown, Mass. 

1 References are at the end of the 
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existing austenite grains.* A crack 
often starts near the end of another. 
Cracks within the same ferrite grains 
are parallel or approximately parallel 
in several cases. A large percentage of 
the cracks are branched. ft 

Fig 4 illustrated a group of cracks in 
the 40 pct fibrous specimen. Branching 
and parallelism are well marked. No 
more than three directions of crack 
have been observed on the polished 
surface in one ferrite grain. This is con- 
sistent with the evidence® that brittle 
fracture of ferrite takes place on the 
cube face crystallographic planes: the 
{100} planes. The appearance of some 
cracks suggests that they have passed 
around a projecting corner of a second 
ferrite grain by going outside the plane 
of polish. 

In Fig 5 cracks in the 80 pct fibrous 
specimen may be observed. Some of 


* By ‘‘ferrite’’ is not meant primary ferrite, 
but the body-centered cubic phase, within which 
carbide particles may or may not be dispersed. 

+ One of the cracks in Fig 3 seems to contain 
some particles. After lightly repolishing, without 
re-etching, hardly any of the particles could be 
found, but at higher magnification the edges of 
the crack appeared rough. It is thought that the 
particles are fragments torn from the edges and 
lodged in the crack during polishing. 
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FIG 2—DMicrocracks near final fracture of 
Charpy bar rated O pct fibrous. Broken at 


—57°C, energy absorption 15 ft-lb. 
xX 500. Etched 1 min. in C-H-J reagent, re- 


polished 15 min., re-etched 10 sec. Reduced 


approx. one half in reproduction 


the cracks have a step-like path. In the 
area shown the final fracture appears 
transgranular and brittle (“‘crystal- 
line’’), with little if any evidence of 
deformation visible. The austenite and 
ferrite grains are equiaxed. Fig 6 shows 
an area where the final fracture 
appeared transgranular but ductile 
(fibrous), with evidence of local de- 
formation near the break. The austenite 
and ferrite grains are not equiaxed 
and it appears that the material flowed 
in tension perpendicularly to the even- 
tual path of fracture. No microcracks 
are evident in Fig 6. None was found 
near fibrous portions of the final frac- 
ture in the 40 pct or 80 pct fibrous 
specimens, or in any portion of the 100 
pet fibrous bar. All cracks observed 
were within 0.01 in. of a brittle trans- 
granular portion of a final fracture. 


Service Fracture 


A fracture was examined in a steel 
casting of this analysis: 


Cc | Mn s | Pp |x| Mo | Ni 


0.33] 1.02 0.033 0.041) 0.26| 0.05] 0.43) 0.02 


The casting had been normalized and 


FIG 3—Microcracks very close to fracture 


in same Charpy bar as Fig 2. 
x 500. Etched 1 min. in C-H-J reagent, re- 
polished 1“ min., re-etched 10 sec. Reduced 
approx. one half in reproduction 


FIG 4—Group of microcracks in crystalline area near final fracture of Charpy bar 


rated 40 pct fibrous. Broken at +21 14°C, energy absorption 52 ft-lb. 
X 500. Etched in Vilella’s reagent. Reduced approx. one half in reproduction 
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drawn, giving a yield strength (0.1 pct 
offset) of 55—-58,000 psi, tensile strength 
of 92-95,000 psi, 12-17 pct elongation 
in 2 in., and 13-28 pct reduction of 
area, in room temperature test. Sud- 
den fracture occurred through a ma- 
chined notch under service conditions 
of rapid loading at a temperature of 
—70°F. The fracture appeared to be 
almost completely brittle. It was pre- 
pared for examination in the same 
fashion as the impact test *specimens, 
but a 4 pct picral etch was used. 

The crack in Fig 7 is “stepped” 
within a ferrite grain, the “treads”’ and 
‘‘risers’’ appearing to lie along two sets 
of parallel planes. Neumann bands 
(deformation twins) may be seen in 
several ferrite grains. These twins are 
plainer in Fig 8. Cracks were distin- 
guished from Neumann bands by re- 
polishing the specimen lightly and 
examining without re-etching; cracks 
remained visible, the twins did not. 
Crack segments seem to be approxi- 
mately parallel to Neumann bands 
within the same ferrite grain; some 
crack segments coincide with possible 
extensions of the bands. This suggests 
that microcracks have been nucleated 
at the stress concentrations surround- 
ing the ends of twins, though the 
converse possibility that stress concen- 
trations at the end of stopped cracks 
nucleated the twins cannot definitely 
be ruled out. Neumann bands in iron 
form along {112} crystallographic 
planes and not along the {100} planes.? 

Fig 9 is of interest because it shows 
that microcracks within the metal 
parallel the path of the final complete 
fracture, when both are in the same 
ferrite grain. There is some evidence of 
this in Fig 4 also. 

Micrographs discussed above have 
been at 500X magnification. Fig 10 
shows at 1500 some of the cracks 
previously noted in Fig 9. A crack that 
might be thought “stepped’’ at the 
lower magnification is here seen to be 
discontinuous, at least in the plane of 
polish. 


Fatigue Specimens 


Fatigue specimens were cut trans- 
versely from a forging of the following 
composition: 


0.28) 0.74) 0.014) 0.013] 0.20] 1.00] 0.49] 0.12 


Heat treatment consisted of annealing 
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FIG 5—Some microcracks having a step- 
like path in crystalline area near final frac- 
ture of Charpy bar rated 80 pct fibrous. 


Broken at -+50°C, 
75 ft-lb. 


X 500. Etched in Vilella’s reagent. Reduced 
approx. one half in reproduction. 


energy absorption 


from 1700°F, then holding 9 hr at 
1675°F, water-quenching, holding 12 
hr at 1150°F, and furnace-cooling. 
The material was heat-treated as a 
round approximately 8 in. in diam. The 
resulting yield strength (0.01 pct offset) 
was 105,000 psi, tensile strength 
132,000 psi, elongation 15 pct, reduc- 
tion of area 46 pct and V-notch 
Charpy impact energy 3-9 ft-lb at 
70°F and 2 ft-lb at —40°F. The mate- 
rial was tested in rotating beam fatigue 
at 10,000 rpm as standard R. R. Moore 
specimens with 45° V-notch, having 
0.015 in. radius at the base of the notch 
and a diameter across the notch of 
0.220 in. All tests were at room tem- 
perature. The S-N curve is given as 
Fig 11. 

Several specimens fractured at dif- 
ferent stress levels were prepared for 
microexamination, as described for the 
impact bars. A micrograph of micro- 

-eracks in a specimen broken under high 
stress has been published.! Fig 12 
shows cracks in a specimen broken at 
the endurance limit: in 1,798,000 
cycles at a nominal stress of 40,000 
psi.* Microcracks were found in the 
fatigue specimens only near the path 
of final, complete, sudden fracture, 
where little or no evidence of deforma- 
tion was observed, and never in the 
‘battered’? area where progressive 
fracture presumably took place over 
many cycles. No microcracks could be 
found below the notch in a specimen 
fatigued 40,880,000 cycles at 35,000 psi 
which did not fracture. 

‘At the junction between the “bat- 
tered” fracture and the final sudden 


* By nominal stress is meant maximum fiber 
stress calculated at the reduced section without 
considering stress concentration. 
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brittle fracture, there was always ob- 
served a projection that appeared to 
have been highly deformed in longi- 
tudinal tension. An example is shown 
in Fig 13. The significance of this pro- 
jection, as well as of the microcracks, 
will be discussed in the next section. 


Discussion of Results 


Microcracks have to date been ob- 
served by the authors every time they 
have been looked for in areas adjacent 
to a brittle transgranular fracture. An 
explanation of the microcracks in terms 
of a theory of discontinuous crack 
propagation was given in Ref. 1. Briefly, 
it is suggested that a crack propagates 
along a crystallographic plane, in a 
brittle fashion, until it is stopped by a 
grain boundary or by a particle of a 
second phase. New cracks are likely to 
start in the zone of stress concentration 
at the end of the stopped crack. The 


FIG 6—Local deformation in a fibrous 
area near final fracture of same Charpy bar 
as Fig 5. : 

X 500. Etched in Vilella’s reagent. Reduced 
approx. one half in reproduction 
process then repeats, leading to discon- 
tinuous branching chains of micro- 
cracks. Cracks may also stop because 


FIG 7 (above)—Step-like crack in ferrite grain near fracture of steel casting. 
> 500. Etched in Picral. N = Neumann bands. C = Crack. Ni = Nickel electroplate. Reduced 
approx. one third in reproduction ie 
FIG 8 (below)—Neumann bands and microcracks near fracture of steel casting. Mey 
xX 500. Etched in Picral. N = Neumann bands. C = Cracks. Reduced approx. one third in 
reproduction. 
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FIG 9—Microcracks near fracture of steel casting: 0.50 N.A. 
X 500. Etched in Picral. 


FIG 10—Same microcrack shown in Fig 9 at a higher magnification. View reversed left 


to right. 1.4 N.A. 
X 1500. Etched in Picral. Ni = Nickel electroplate. 
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FIG 11—Fatigue test data. Notched R. R. Moore specimens. 


the elastic energy released by their 
further spread would not be sufficient 
to propagate the crack (to form the 
new surfaces). In this last case, new 
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cracks would have to be at orientations 
which would provide greater energy 
release. 

The probability of further cracking 


near the ends of and within chains of 
microcracks will be much greater than 
elsewhere. The size of continuous 
crack will therefore tend to increase. 
This increase in size raises still further 
the probability of additional cracking 
in adjacent areas. When one continuous 
crack has traversed the specimen, 
macroscopic fracture has occurred. 
The brittle fractures which represent 
final severance of specimens or parts 
are series of linked microcracks. 

Observation of microcracks in impact 
test specimens demonstrates that they 
are not associated with the repetitive 
loading which characterizes fatigue, 
and that series of microcracks can de- 
velop very rapidly (in the time of 
fracturing a brittle Charpy specimen, 
of the order of 10-* sec). 

The microcracks visible in the micro- 
graphs and discussed above are not 
identical with the Griffith defects,*® 
sometimes also termed “microcracks,” 
which are supposed to exist in the 
material prior to stressing. 

The projection observed at the junc- 
tion of the battered and the brittle 
regions in the fatigue specimens sug- 
gests that the material represented by 
the projection was deforming in tension 
while brittle cracking was occurring 
nearer the axis. The final brittle frac- 
ture presumably originated (a major 
series of brittle microcracks first de- 
veloped) either close to the axis or 
a small distance below the tip of 
the progressively advancing “‘fatigue 
crack.”’ Fracture originating close to 
the axis is analogous to fracture occur- 
ring in a tensile specimen after neck- 
ing.’ Fracture originating a small dis- 
tance below the tip of the fatigue crack 
is analogous!’ to fracture originating a 
small distance below the tip of a 
machined notch, and might be expected 
because the stress there is triaxial 
tension, whereas at the crack or notch 
tip itself only biaxial stress can exist. 
(The stress system ahead of a fatigue 
crack cannot differ much from that 
under a sharp machined notch.") In 
either case final fracture does not occur 
by propagation inward, in a brittle 
fashion, of the progressive fatigue 
crack. 


Summary 


Series of apparently discontinuous 
microcracks have been found adjacent 
to the path of final brittle failure in 
fatigue specimens, impact specimens, 
and a failed part, made from steel 
forgings and castings. These cracks 
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FIG 12—Méicrocracks near fracture of fatigue test specimen broken in 


1,798,000 cycles at 40,000 psi. 


White crack-like line indicated by arrow may be a crack which meets th f; 
outside the plane of polish and was tly filled wi i oplate. X 500. 
Sa ee eae partly ed with nickel electroplate. « 500. 


FINAL BRITTLE 
FRACTURE 


FIG 13—Projection at the junction of the ‘‘battered”’ (rieht) and final fracture (left). 


Same fatigue specimen as shown in Fig 12. X 500. Etched in Vilella’s reagent. Reduced approx. 
two-sevenths in reproduction. 


have been observed every time they 
have been sought in areas close to a 
brittle transgranular fracture. 

It is believed that the microcracks 
indicate that brittle transgranular frac- 
ture of polycrystalline metals does not 
originate at one point and propagate 
continuously across the material, but 
rather nucleates at numerous related 
points, leading to a series of micro- 
cracks which subsequently link up. 

Microscopic evidence has also been 
found which is interpreted to mean 
that final fracture in a fatigue specimen 
does not occur by propagation inward, 
in a brittle fashion, of the progressive 
“fatigue crack.” Rather, brittle frac- 
ture originates closer to the neutral 
axis and links with the fatigue crack 
subsequently. 
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The Free Energy Change 
Accompanying the Martensite 
Transformation in Steels 


0 6°60 0°76 6 6 6 6 0, (040.0 0°6).0. 0, O 6-60 16 20m) 07O).0 40) ORO TORO, 0” OO 70. CR 


J. C. FISHER * 


Martensite transformations in steels 
and other alloys are characterized in 
part by the absence of composition 
changes during the growth of a new 
phase. Transformation occurs rapidly, 
and there is insufficient time for long 
range diffusion or partition of alloying 
elements to take place; martensite reac- 
tions in alloys thus are similar to phase 
transformations in single component 
systems. 

A fundamental understanding of 
martensite transformations in steels is 
impossible without knowledge of the 
free energy change upon transforming 
austenite (face centered cubic iron 
containing alloying elements) to ferrite 
(body centered cubic iron containing 
alloying elements) of the same chemical 
composition. The present paper assem- 
bles the best information available con- 
cerning the influence of temperature 
and composition on this free energy 
change. Most of the material has been 
taken from the work of Johansson, 
Mehl and Wells,? Zener?:4 and Smith; 
* and indirectly, through these authors, 
from the work of Austin.® 

In agreement with the generally ac- 
cepted viewpoint, martensite is as- 
sumed to be an ordered solution of 
carbon in ferrite of the same composi- 
tion as the parent austenite; only at 
high temperatures and low carbon 
concentrations is the carbon in ferrite 
distributed at random. The properties 
of the disordered solution are estimated 
by extrapolating the known properties 
of iron-carbon solid solutions into the 
range of supersaturation, and the free 
energy change associated with ordering 
is estimated from the theory developed 
by Zener. By incorporating Smith’s 
recent thermodynamic measurements 
and Zener’s theory of ordering, the 
present analysis modifies previous esti- 
mates of the free energy change associ- 
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ated with martensite transformations. 

Consider a two component system 
consisting of a solvent A and a solute 
B. Let Na and Nz represent mol frac- 
tions of A and B respectively, let 
a4 = yaNa and ag = ysaNz represent 
activities, and let superscripts 1 and 2 
refer to phases 1 and 2. The partial 
molal free energies of A and B. in 
phases 1 and 2 can be summarized as 
follows: 


free energy standard 

state 
Fo — Fao = RT naa} pure A! 
F22 — Fa’? = RT In aa? pure A? 
Fs! — Fao = RT Inasz} pure B 
Fs? — Fao = RT In az? pure B. 


The free energy of a gram atom of 
phase 1 is* 


AF! = NalFa! + Ns'F 3} 
and that of phase 2 is 
AF? = Na?F'4? + N5°F's?. 


A martensite transformation from 
phase 1 to phase 2 requires 


Na} = Nawaz = Na and 
Nz! = Nz? = Nz, 


and the free energy change per gram 
atom accompanying transformation is 


INVES Os = Na(Fa? = F,}) 
+ No(Fs? — Fs!) 
= N,[RT In (a42/a4) 
+ AF 4'*?] +- Ng RT in 
(az?/ap!) 
* A gram atom of solution contains Na gram 
atoms of component A, Ng gram atoms of com- 


ponent B, Nc gram atoms of component C, and 
sO on. 
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= NRT In (ya?/y4") 
+ AF, >?] + Nz RT In 
(ys?/ys'), [1] 


where ya2, Ya!, Ys”, Ys! are activity 
coefficients, and where AF4!~? is the 
free energy change upon transforming 
a gram atom of pure A from phase 1 to 
phase 2 at the temperature in question. 
For martensite transformations in 
plain carbon steels, A = iron (Fe), 
B=carbon (C), 1 = austenite (y), 
= ferrite (a), and Eq 1 is 


AFY>2 = Ny RT In (Yre"/Yre") 
+ AF sy. *] + Ne RT In (¥c%/¥c"). [2] 


Nothing is known concerning the val- 
ues of yy.* and yo* for carbon concen- 
trations in excess of 0.025 pct. How- 
ever, the approximation 


Yre’ = Yre = 1 


cannot be appreciably in error for small 
carbon concentrations, and Eq 2 re- 
duces to 


apr 3 Ny AF; * 
+ Ne RT In (¥c*%/¥c"). [3] 


Johansson! and Zener? have calculated 
AF;,’~* from the specific heat measure- 
ments compiled by Austin.6* Their 
calculated values agree closely, and are 
summarized in Table 1. 

The activity coefficients relative to 
graphite for carbon dissolved in iron 
vary with temperature according to the 
relationships 


d In Yo"/d(1/T) = AHe’/R 
d In y¢%/d(1/T) = AH<*/R 


where AH,’ and AH,“ are the heats of 
solution of graphite in y and @ iron. 
Assuming the values of AH to be inde- 
pendent of carbon concentration and 
temperature, 


In Yo" = AHo’/RT + q, 
In 1c = AH.*/RT + I, 


* Johansson employed also specific heat meas- 
urements from several other sources. 
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a ee 


Johansson! Zener? Johansson! Zener? 

°K —AFFre¥@ SK —AFFeY’@ °K —AFFeY~& °K —AF Fe! ?& 
300 997 273 1045 1050 46 1423 —22 
350 938 373 924 1100 25 1473 —21 
400 873 473 784 1150 +10 1523 —18 
450 805 573 622 1179 0 1573 —14 
500 735 673 487 1200 —A4 1623 — 7.5 
550 664 773 342 1250 — 8 1673 0 
600 595 873 209 1300 —15 1773 +32 
650 523 923 147 1350 —18 
700 450 973 98 1400 —18 
750 379 1023 54 1450 —17 
800 310 1073 29 1500 —16 
850 247 1123 +14 1550 eich 
900 184 1183 0 1600 — 8 
950 121 2223 — 7% 1650 — 2 
975 98 1273 —14 1674 0 

1000 73 1323 —18.5 1700 am al 

1033 54 1373 —21 1750 + 6 


—_—_—_—_—~>e_ernoorO 


T/Tc Zz L/ De Zz L/TC Zz T/Tc Zz 
1.000 0.377 0.99 0.502 0.90 0.742 0.70 0.924 
0.999 0.418 0.98 0.551 0.88 0.770 0.65 0.947 
—~ 0.998 0.434 0.97 0.588 0.86 0.795 0.60 0.964 
0.997 0.446 0.96 0.619 0.84 0.818 0.55 0.978 
0.996 0.457 0.95 0.645 0.82 0.838 0.50 0.987 
0.995 0.466 0.94 0.668 0.80 0.856 0.45 0.993 
0.994 0.474 0.93 0.689 0.78 0.873 0.40 0.997 
0.993 0.482 0.92 0.708 0.76 0.888 0.35 0.999 
0.992 0.489 0.91 0.726 0.74 0.901 0.30 1.000 
0.991 0.496 0.90 0.742 0.72 0.913 0.25 1.000 
0.990 0.502 0.70 0.924 
Let ¢ = 2(1 — z) In (1 — z) + (1 + 22) In (1 + 22). 
T/Tc ¢ T/Tc ’ T/Tc ¢ T/Tc o 
1.000 0.396 0.99 0.698 0.90 1.559 0.70 2.590 
0.999 0.484 0.98 0.843 0.88 1.693 0.65 2.764 
0.998 0.523 0.97 0.962 0.86 1.819 0.60 2.911 
0.997 0.553 0.96 1.067 0.84 1.936 0.55 3.032 
0.996 0.579 0.95 1.162 0.82 2.046 0.50 3.126 
0.995 0.603 0.94 1.251 0.80 2.150 0.45 3.197 
0.994 0.624 0.93 1.333 0.78 2,249 0.40 3.246 
0.993 0.644 0.92 1.412 0.76 2,342 0.35 See: 
0.992 0.663 0.91 1,488 0.74 2.429 0.30 3.289 
0.991 0.681 0.90 1.559 0.72 2.512 0.25 3.295 
0.990 0.698— - 0.70 2.590 0.20 3.296 


Table 1. . . The Free Energy Difference (calories per gram atom) 
Between Y-iron and a-iron 


Mean Interpolated Values 


°K —AFFe’& °K —AF rev? °K —AFreY & °K —AFFreY 
200 1109 500 738 800 308 1100 22 
210 1100 510 723 810 295 1120 16 
220 1091 520 708 820 282 1140 11 
230 1082 530 693 830 269 1160 a 
240 1072 540 678 840 256 1180 0 
250 1062 550 663 850 243 1200 — 4 
260 1051 560 648 860 230 1220 7 
270 1040 570 634 870 218 1240 —10 
280 1029 580 620 880 205 1260 —12 
290 1018 590 605 890 192 1280 —14 
300 1007 600 591 900 180 1300 —16 
310 995 610 577 910 168 1320 i 
320 983 620 563 920 156 1340 —18 
330 971 630 549 930 144 1360 al) 
340 959 640 535 940 132 1380 —20 
350 946 650 521 950 121 1400 —20 
360 933 660 507 960 111 1420 —20 
370 920 670 492 970 102 1440 —20 
380 907 680 478 980 93 1460 =D 
390 893 690 463 990 84 1480 —18 
400 880 700 449 1000 75 1500 —18 
410 866 710 435 1010 67 1520 =a lt 
420 853 720 420 1020 60 1540 —15 
430 839 730 405 1030 54 1560 —13 
440 825 740 391 1040 48 1580 — 1) 
450 811 750 377 1050 42 1600 = 
460 797 760 363 1060 37 1620 = 6 
470 782 770 349 1070 32 1640 =— 3 
480 767 780 335 1080 29 1660 =i 
490 753 790 321 1090 26 1680 afd 
500 738 800 308 1100 22 1700 Gi pte 


Table 2. . . Temperature Dependence of Zener’s Order Parameter 
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where J; and J, are integration con- 
stants. The value of RT In (y¥c%/yc") re- 
duces to 


RT In (yc%/Yc’) = AHc* — AH" 


+ RTAI. (4] 


Smith’ has determined quite accurately 
the value AH¢’ = 10,000 cal per g 
atom. AH% is less accurately known, 
Smith having obtained a value 20,000 
cal per g atom from his own experi- 
mental data, and a value 26,000 cal 
per g atom by making use of earlier 
data concerning 6-iron. The value 
AH.* = 20,000 appears to be the more 
reliable, particularly for use at low 
temperatures. Moreover, according to 
a recent theory of austenite decomposi- 
tion,!° AH¢* = 20,500 cal per g atom 
gives the best agreement between cal- 
culated M, temperatures and those 
determined by Lyman and Troiano’ 
for a series of 3 pct chromium steels of 
varying carbon content. Therefore the 
value AH¢* = 20,500 cal per g atom is 
assumed, and 


RT In (¥%/Yc") =— 10,500 
+ RT AI. [5] 


Consider the distribution of carbon 
at equilibrium in the two phase y + a 
region. Then 

AF" = AF c%, 
RT Inyco'Ne” = RT In yo%No* 
and 
¥c%/Yo" = Nco*/Nc*. 


From the equilibrium boundaries of the 
iron-carbon phase diagram as deter- 
mined by Mehl and Wells? and by 
Smith® the ratio Nc’/Ne* is 


No*/No* = 0.315/0.0128 = 24.6 


at 800°C where the carbon concen- 
trations are relatively low and both 
Yc’ and y¢* are practically independent 
of carbon concentration.® Therefore, at 
800°C, 


RT In (yc%/Yo") = 6825. [6] 


It is assumed that yo* and yc’ vary 
similarly with carbon concentration, so 
that the ratio yc“/yc’ is independent of 
Neo. 

According to Eq 4, 5, 6 the value of 
Ne RT In (vc%/Yc") is 


Ne RT In (Y¥c%/Yc") 


= No(10,500 — 3.425 7). -[7] 


decreasing linearly from 10,500 Ne at 
absolute zero to 6825 Ne at 800°C. 
However, Eq 7 was obtained by an 
extrapolation that effectively assumes 
the solution of carbon in ferrite to re- 
main random at low temperatures. 
Zener‘ has shown that spontaneous 
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FIG 1—Variation of AF’ with temperature for several 
3.5 pct chromium steels of differing carbon content, ac- 


cording to Eq 12. 


ordering of the carbon in ferrite takes 
place below the temperature 


Tc = 28,000 Ne (approximately) 


with a decrease in free energy that is 
not reflected in an extrapolation based 
upon high temperature properties; this 
free energy change must be added to 
the value of NGRT In (yc%/Yc") that is 
given by Eq 7. 


The decrease in free energy per unit 


volume on ordering can be derived from 
Zener’s analysis, and is given by the 
expression 


Afs = — 4 (% mdz)? E 
mkT [2(1 — z) In (1 — z) 
+ (1 + 2z) In (1 + 22z)] [8] 


ergs per cc where 
ni = 6.03 (10)? Ne/NsVo carbon 
atoms per cc 
Ns = sum of mol fractions of all 
substitutional elements 
Vo = volume corresponding to a 
mol of lattice sites 
1.68 (10)-*4 Vo strain per car- 
bon atom 
z = Zener’s order parameter 
E = 1.30 (10)!2 dynes per cm?. 
The value of the order parameter z de- 
pends only upon the temperature ratio 
T/T, as given in Table 2, where Tg is 
determined by the relationship 


Toc = 3900 VoNc/Ns. [9| 


When We is small, Ns & 1 and V, 
=> 7.2, leading to the approximate re- 
lationship T, = 28,000 Nc. Changing 
to the appropriate units, the free 
energy change on ordering is 


AF = 2.39 (10)-§ NsVoAfx [10] 


r 


calories per gram atom.* 


4 * Zener’s numerical values have been revised, 
following a more accurate calculation of the 
value of z at the critical temperature T¢ (0.3772 
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Combining Eq 3 and 7, and adding 
AF, to the right hand member of Eq 
7, the free energy change on trans- 
forming austenite to ferrite of the same 
carbon content is 


AFY>2 = NyAF pe’? 
+ Ne (10,500 — 3.425 T) 


+ AF, [11] 


cal per g atom for plain carbon steels. 

Addition of an alloying element 
alters the value of AF’~* given in Eq 
11 by the amount 


NURI In YA) 


where the subscript i refers to a par- 
ticular alloying element. Almost noth- 
ing is known concerning the ratio 
y:*/y:. for alloying elements other 
than carbon; in the absence of ade- 
quate information, perhaps the sim- 
plest assumption that can be made is 
that RT In (y;%/y;7) is constant: 


RT In (¥i%/Vi7) = K;. 
With this assumption, Eq 11 becomes 


JN Wee = NyeAF x1 % 
+ Ne (10,500 — 3.425 T) 
AF + ZN; RT In (y,.¢/¥2) 


vs. 0.33 as given by him), and assuming a mar- 
tensite tetragonality ratio r = 1.053 for a com- 
pletely ordered steel containing 1.28 pct carbon, 
as determined by Lyman and Troiano.’? r = 1.053 
falls between the values r = 1.059 and r= 1.051 
determined by Honda and Nishiyama’ and by 
Kurdjumov and Kaminsky? respectively. The 
strain corresponding to a tetragonality ratio r 
was assumed to be e = (r — 1)/(1 + v) where 
vy = 0.3 is Poisson’s ratio. Assuming further that 
the density of iron is not altered by the addition 
of carbon, the volume of a gram atom of alloy 
is V = NsVocc, and the number of carbon atoms 
per cc is ni = 6.03(10)2* Nco/N3Vo. 

Although it was not so stated in his analysis, 
there must be, according to Zener’s theory, a 
temperature region near the “critical tempera- 
ture” Tc where ordered and disordered phases 
of differing carbon content coexist at equilibrium. 
Failure to consider the two phase region leads to 
errors in the value of Afy. However, the errors are 
small, and they are not considered further. 


S500 600 800 900 1000 100 
TEMPERATURE, °K 


FIG 2—Variation of AF? with temperature for several 
1.0 pct carbon steels of differing chromium content, ac- 
cording to Eq 12. 


= Nea ye * 
+ Ng (10,500 — 3.425 T) 
AO ARY SO SNGR; 2 2] 


cal per g atom for the martensite 
transformation in alloy steels. The 
summation includes all alloying ele- 
ments other than carbon. 

Eq 12 is an estimate of the free 
energy change upon transforming aus- 
tenite to martensite, obtained by 
extrapolating the properties of dis- 
ordered iron-carbon solutions into the 
supersaturated range, and employing 
the theory of ordering developed by 
Zener. AFY~* values calculated from Eq 
12 are used by Fisher, Hollomon, and 
Turnbull?° in their analysis of austenite 
— martensite transformation kinetics. 
They suggest a value Ko, = 1200 cal 
per g atom for chromium, leading to 
variation of AF’~* with temperature as 
shown in Fig 1] and 2 for a number of 
chromium steels. 
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J. C. FISHER,* J. H. HOLLOMON,* Junior Member AIME, and D. TURNBULL* 


Application of the concepts of nu- 
cleation and growth to the analysis of 
experimental transformation data has 
led to valuable descriptions of phase 
transformations, an outstanding exam- 
ple being the transformation austenite 
— pearlite which has been examined 

“with particular care by Mehl and co- 
workers.!—* In addition to the pearlite 
transformation, the proeutectoid fer- 
rite and proeutectoid carbide trans- 
formations are known to proceed by 
nucleation and growth. Martensite, on 
the contrary, untilrecently was thought 
to form by a mechanism involving 
neither nucleation nor growth; how- 
ever, extension of standard nucleation 
theory® suggests that martensite, bain- 
ite, and the other products of austenite 
decomposition all grow from nuclei in 
the parent phase. The theory that mar- 
tensite forms by nucleation and growth 
is strongly supported by recent experi- 
mental work of Kurdjumov and 
Maksimova.’ 

The concepts of nucleation and 
growth have been fruitful also in pro- 
viding a sound basis for quantitative 
theoretical treatments of the kinetics 
of phase transformations. For example, 
Volmer and Weber® and Becker and 
Doring? developed the theory of nuclea- 
tion from fundamental considerations 
to a point where excellent agreement 
was obtained with the results of experi- 
-ments on the condensation of super- 
cooled vapors. As a result of their 
analysis, the kinetics of vapor-liquid 
transformations now can be predicted. 
It seems probable that application of 
the theories of nucleation and growth 
to a quantitative study of austenite 
decomposition similarly will clarify 
the nature of the individual transfor- 
mations involved, and will enable the 
calculation of austenite transformation 
kinetics. 
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In the present paper, the theories of 
nucleation and growth are applied to 
the austenite — martensite transfor- 
mation in steels. The analysis begins 
with a discussion of nucleation in single 
component systems. Martensite ap- 
pears to be coherent with the parent 
austenite, hence the nucleation theory 
is modified to include the effects of 
elastic distortion. Nucleation in the 
two component iron-carbon system 
then is discussed, for most steels are 
primarily alloys of these two elements. 
Finally, M, temperatures and mar- 
tensite transformation curves are cal- 
culated for each of several alloy steels 
of varying carbon and chromium con- 
tent, and are compared with those 
determined experimentally by Lyman 
and Troiano!® and Harris and Cohen.1! 


Nueleation Theory 


NUCLEATION IN SINGLE 
COMPONENT SYSTEMS®!2-14 


The work required for reversible for- 
mation of a region of phase 6 within 
the parent a phase is expressed con- 
veniently as the sum of two terms: 
W, = Ao, the product of the area of 
the interface and the interfacial free 
energy, and W, = VAf, the product of 
the volume of the region and the free 
energy increase per unit volume associ- 
ated with the transformation. The 
total work is therefore W = Ao + VAf. 


Cleveland Meeting, October 1949. 
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(2 copies) may be sent to Trans- 
actions AIME before December 1, 
1949. Discussion is tentatively 


scheduled for publication in May 1950. 
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When a is more stable than 8, Af is 
positive and W increases without limit 
as the volume increases. The trans- 
formation a— 8 does not occur. It is 
nevertheless true that small regions of 
phase 8 enjoy temporary existence here 
and there in the a. The equilibrium 
number of 8 regions of given size is 
proportional to exp(— W/kT) per 
unit volume of a, assuring that larger 
8 regions occur with diminishing 
probability. 

When a is less stable than 8, Af is 
negative and W passes through a maxi- 
mum as V increases. Assuming for sim- 
plicity that regions of 6 are spherical, 
as is true when the interfacial tension is 
isotropic and there are no elastic 
strains, 


W = Anr’o + (4/3)mr3Af. 
The maximum value of W is 
W* = lomo? /3Af? [1] 
for regions with radius 


—20/Af. [2] 


ip 


For single component condensed sys- 
tems it has been shown'! that the 
steady rate of nucleation of 6 per unit 
volume of untransformed a is nearly 
proportional to exp[— (W* + Q)/kT| 
where Q is the activation energy for the 
unit processes of adding or removing 
one atom from an embryo or nucleus. 
If T) is the temperature at which a and 
8 are in equilibrium, the rate of nuclea- 
tion is a maximum at a temperature 
0 < T < Ty where (W* + Q)/kT isa 
minimum. 

B regions smaller than critical size are 
called embryos; they tend to grow 
smaller and disappear, only exception- 
ally growing larger. Regions equal to or 
larger than critical size are called nu- 
clei. A critical size nucleus may grow 
indefinitely large or may shrink back 
to a, either process decreasing the free 
energy of the region. 
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FIG 1—Growth of a 


\ 


Oe ns 


martensite plate, 


schematic. 
Arrows indicate direction of motion of parent 


phase. 


It is. important to recognize that 
embryos and nuclei do not  sud- 
denly appear full size in the parent 
phase.!2)!3\ They grow larger and 
smaller by a series of essentially bi- 
molecular reactions, 


ma — Bm 
Bn Pa=Bmu 


Bas + a — nae 


[3] 


Bn-1 + a= Ba 


where a represents a single atom or 
molecule of phase a, and 8; represents 
an i-atom region of phase 8. Bm, where 
m<~10 for metals, represents the 
smallest possible region having the 
structure of 8. For 8; smaller than criti- 
cal size, the specific rate of decomposi- 
tion of 8; is greater than that of forma- 
tion. For 8; larger than critical size the 
converse is true. 

The unit processes of adding or re- 
moving a atoms have activation ener- 
gies, and occur in finite time. If the 
temperature of a sample of a is 
changed rapidly from equilibrium at 
T, > iN where a is stable, to AM <a To 
where £ is stable, the embryos at 7, 
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may be retained at the new tempera- 
ture; with rapid quenching there may 
be insufficient time for the set of reac- 
tions B;_1 + a = 6; to lead to appreci- 
able change toward establishment of 
the steady state 8;—distribution char- 
acteristic of T_;. 

If T_, is sufficiently below To, the 
larger embryos of @ retained during 
quenching from T, will become nuclei 
during cooling as the critical size de- 
creases. These nuclei then grow. The 
metamorphosis embryo — nucleus that 
takes place during cooling is inde- 
pendent of thermal motion in the sense 
that no additional a atoms need be 
activated and added to the @ region. 
For this reason nucleation resulting 
from the decrease in r* with falling 
temperature has been termed athermal 
nucleation, in contrast to thermal nu- 
cleation which takes place isothermally. 

It may happen that W*/kT_, is so 
large that the steady rate of nucleation 
at. T_; is negligible. Transformation 


a-—> 6 then is initiated entirely by 


athermal nucleation. If the growth rate 
of 8 regions is rapid, and the size of a 
B grain is limited by changes in a 
orientation that occur at a grain 
boundaries, 8 will be observed to form 
only upon cooling of the a. If cooling 
ceases, athermal nucleation and there- 
fore transformation also ceases. If the 


cooling is continued, transformation 
continues. 

Interrupted cooling can lead to “‘sta- 
bilization of the retained a’ when re- 
tained embryos of nearly critical size 
grow smaller and decrease in number 
as the steady state distribution charac- 
teristic of the holding temperature is 
approached. Subsequent cooling then 
produces fewer athermal nuclei than 
would have been produced by direct 
cooling to the final temperature. 


NUCLEATION OF COHERENT 
PHASES 


The elastic distortion accompanying 
transformations in solids frequently is 
so large that it cannot be neglected in 
calculating nucleation rates. Consider 
for example a transformation that 
occurs by the mechanism sketched in 
Fig 1. The phases are coherent in the 
sense that lines and planes of atoms are 
continuous across interfaces. The habit 
plane, or a plane that is parallel to the 
plate of 8, is not necessarily rational. 
The transformation is evidently a 
“shear type”’ transformation; however 
the figure suggests that the final dimen- 
sions of a 8 plate are attained by 
growth, not by homogeneous shear or 
shears throughout the volume to be 
transformed. 

The idea that “‘shear type”’ trans- 
formations are accomplished by homo- 
geneous shears seems questionable in 
view of the very high activation energy 
associated with an entire 6-plate in the 
partly-sheared condition. No such dif- 
ficulty arises when the configuration 
between 6-nucleus and full size B-plate 
is recognized to be a growing plate of 
intermediate size. It is suggested below 
that martensite is a coherent precipi- 
tate. Martensite plates are assumed 
therefore to form by the mechanism of 
Fig 1, successive layers of atoms being 
deposited one atom at a time as the 
parent phase moves relative to the 
plates. 

Assume a coherent embryo or nu- 
cleus of radius r and of thickness 6 at 
the center, the two surfaces of the 
plate being portions of spheres of large 
radius. The volume of the embryo is 


V = xr’6/2 [4] 
and its surface area is 
A = 2nr? [5] 


to a good approximation when 6 < r. 
The formation of a coherent 8 embryo 
in @ requires (1) formation of a co- 
herent a-6 interface, (2) transformation 
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of a volume of a to B, (3) concentration 
of elastic energy in the a (and to a 
lesser extent in the 8). 

Consider a sphere with center at the 
center of a thin coherent plate and with 
radius proportional to the radius of the 
plate. Select any point in the sphere 
(say on a line perpendicular to the 
plate at its center and at half the 
radius of the sphere). The elastic strain 
at the point is proportional to the ratio 
of the plate thickness to its radius, 


em 6/r 


as long as 6 <r. The strain energy per 
unit volume at the same location is 
proportional to the square of the strain, 


E, ~ (6/r)?. 


A similar proportionality holds at 
every point in the sphere; hence the 
total strain energy in the a@ is propor- 
tional to the product of (6/r)? and the 
volume of the sphere, 


E = (30/4) (6/r)? (4ar3/3) 
=@nro. [6] 


Here 36/4 is 
constant. 

The work associated with the reversi- 
ble formation of an embryo of radius r 
and thickness 6 is therefore 


W = 2xr’o + ar?6Af/2 + Orrd?. [7] 


the proportionality 


The most probable shape for an em- 
bryo of volume V is that for which W is 
a minimum. Minimizing W with the 
condition V = constant leads to_the 


relationship 
r = 3062/40 [8] 


which relates r and 6 for minimum free 
energy embryos. 

Most embryos are minimum free 
energy embryos. The work associated 
with the reversible formation of an 
embryo of thickness 6 is therefore 


W = 1516264/80 + 976?65Af/3207. [9] 


W has a maximum 


W* = 819276203/27Af* —- [10] 
for nuclei with thickness 
6* = —160/3Af [11] 
and volume 
V* = —32,7687020?/27Af>. [12] 


Coherent nuclei grow as plates that 
finally are stopped at the edges by a 
grain boundaries, particles of a second 
phase, or other crystal discontinuities. 
Each plate thickens until the value of 
W associated with its formation from 
the a is a minimum. The plate then is 
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in equilibrium with the a and does not 
further thicken. Minimizing W at con- 
stant radius leads to the relationship 


5/r = —Af/40 


for full size coherent plates. 

The ratio 6*/r* for coherent nuclei of 
critical size is also 6/r = —Af/46 and 
experimental observation that 6<r 
for fully grown coherent plates justifies 
the assumption that 6 <r for the cor- 
responding nuclei and embryos. 


[13] 


Martensite 


It is generally agreed that martensite 
is ferrite supersaturated with carbon of 
the same concentration as the parent 
austenite. Large amounts of dissolved 
carbon slightly distort the body-cen- 
tered cubic structure of ordinary ferrite 
toa body-centered tetragonal structure. 
Martensite forms in thin lens-shaped 
plates that have definite orientation 
and habit relationships with the parent 
austenite. Transformation takes place 
primarily during cooling, and the 
growth of individual plates is very 
rapid. 

These observations concerning mar- 
tensite formation suggest the identifica- 
tion of martensite as supersaturated 
ferrite that forms by rapid coherent 
growth of athermal nuclei. 

Martensite embryos come into being 
at the austenitizing temperature. Al- 
though a particular embryo has only 
transient existence, there is a definite 
equilibrium concentration of embryos 
of any given size. During quenching, 
the largest embryos find themselves 
supercritical for coherent growth, and 
they grow rapidly to full-size marten- 
site plates. 

Although both coherent and non- 
coherent embryos are present: at the 
austenitizing temperature, only non- 
coherent embryos can be retained dur- 
ing quenching. Even at cooling rates as 
great as 10,000°C per sec, about 0.1 sec 
is required to reach the martensite 
start temperature from the austenitiz- 
ing temperature. Individual martensite 
plates are observed to form in times of 
the order of 10-4 sec, indicating that 
the rate of coherent growth of mar- 


tensite is very great. The life of co- 


herent embryos therefore must be less 
than 10-4 sec, and during a time as 
long as 0.1 sec a given embryo will 
disappear; further, the largest em- 
bryos do not reform, for at lower tem- 
peratures the steady concentration of 
coherent embryos decreases in propor- 
tion to exp(—W/kT). Effectively, 


coherent embryos always are present 
in the equilibrium or steady state con- 
centration, while only noncoherent 
embryos, which require relatively long 
times to grow or shrink, can be re- 
tained during quenching. 

A non-coherent a-8 interface differs 
from a coherent interface in that non- 
coherent a and 8 structures get out of 
step occasionally, producing essen- 
tially a series of dislocations spaced 
along the interface. When 8 consumes 
a by non-coherent growth, existing dis- 
locations move with the interface, and 
new dislocations appear where the 
interfacial area increases. However, it 
is possible also for B to consume a by 
coherent growth, leaving behind in the 
B the dislocations that initially were 
present at the a-G interface. Coherent 
growth of martensite from non-co- 
herent ferrite nuclei therefore presents 
no contradiction. 

Most martensite plates nucleate at 
embryos that have the minimum free 
energy of formation consistent with be- 


coming nuclei at the low temperature, 


for these embryos are present in the 
greatest numbers. Let the critical size 
V* for coherent growth of supersatu- 
rated ferrite (martensite) at a low 
temperature be as sketched in Fig 2A 
for a given iron-carbon alloy. Fig 2 
suggests possible configurations for the 
embryos that are primarily responsible 
for martensite nucleation upon cooling 
to the low temperature in question. 
Embryo (B) is a non-coherent ferrite 
region of size V*, having the same car- 
bon content as the austenite. Embryo 
(C) is a non-coherent ferrite region of 
the same size, but with the equilibrium 
amount of carbon for ferrite in contact 
with austenite.f The free energy of 
forming embryo (C) evidently is less 
than that of forming embryo (B), 
hence embryos similar to (B) do not 
contribute significantly to the mar- 
tensite transformation. 
Embryo (D) is a carbon-free aus- 
tenite region of size V*, containing a 
small non-coherent ferrite region just 
large enough to nucleate coherent 
growth in pure y-iron at the low tem- 
perature. Upon quenching, the ferrite 
region in embryo (D) becomes a nu- 
cleus for coherent growth in carbon- 
free austenite; it grows to the boundary 
of the carbon-free region. Then, how- 
ever, it is supercritical for growth in 
austenite of average carbon concen- 
tration, and it continues its coherent 
growth. The free energy of forming 


+ The equilibrium concentration of carbon is so 
low that it is assumed to be zero. 


Metals Transactions, Vol. 185 ... .. 693 


Table 1... Calculated Free Energy Change in Calories per Mol of Lattice 
Sites for the Austenite — Martensite Transformation in 12 lron-Chromium- 
Carbon Alloys Studied by Lyman and Troiano'’® and Harris and 


Cohen" 
Pct. 0.08 | 0.15 | 0.26 | 0.38 | 0.69 | 1.02 | 1.28 | 1.13 09 | 1.04 |} 1.05 | 1.02 
Pct Cr* 3.45 | 3.39 | 3.73 | 3.38 | 3.44 | 3.56 | 3.48 | 1.18 | 2.16 | 4.36 | 6.32 | 9.46 
ou AFm | AFm | AFm | AFm | AFm | AFm | AFm AFm AFm | AFm | AFm | AFm 
1020 + 12 
1000 — 2 
980 — i) 4 
960 — 36) — 13 
940 — §6|'°— 33] = 38 
920 — 79) — 55) — 14 
900 —102| — 78} — 36; + 2 
880 —125} —102) — 59) — 21 
860 —150| —126) — 83] — 44 
840 —175| —150; —107| — 68 
820 —200} —174; —131| — 92} + 19 
800 —224) —199;.—155} —116} — 5 
780 —250| —225; —180} —140} — 29 
760 —277| —252| —205) —166| — 54 + 19 
740 —304| —279| —231; —192; — 79) + 11 —- F+ 2 
720 —331| —306| —259) —219} —106| — 16 — 34; — 25) + 3 
700 —358) —333| —286| —246}| —133} — 43) + 7| — 61} — 51] — 23) + 13 
680 —386| —361| —313}. —272} —160| — 69) — 19} — 89) — 79) — 49) — 13 
660 —413} —388| —340| —299] —187| — 95; — 46; —116} —106| — 75) — 38) + I1 
640 —440| —415| —366| —325) —212} —121)| — 72) —142} —132} —101) — 63) — 13 
620 —467| —441] —391}| —351}| —238] —147| — 97} —168| —158} —126| — 89| — 37 
600 —467| —418| —377| —264) —172} —122} —195| —184)| —152| —113) — 61 
580 —494| —445] —402} —291| —199| —148| —222} —210| —178| —139| — 86 
560 —521| —472| —428) —318| —225| —174| —248| —237; —204) —164| —110 
540 —499| —456| —345| —253} —201| —276| —265} —231| —191} —135 
520 —527| —484| —373) —280] —228}| —305| —293} —259| —218} —161 
500 —555| —511) —401] —308) —256| —333} —321| —286| —245) —187 
480 — 538) —428| —335| —283) —360| —348| —313] —270| —212 
460 —566| —455) —362} —310| —387| —376| —339| —296| —237 
440 —593| —481| —388| —336| —414| —403} —365| —321| —261 
420 —618} —508} —414| —360) —441}| —428) —391} —346| —285 
400 — 644) —533| —439| —385| —467| —453] —415| —370| —308 
380 —669| —559| —463) —410| —492|] —478] —440| —394| —331 
360 —694| —583| —487; —433} —516| —503] —464| —417| —353 
340 —718| —606}| —510| —456| —540| —527| —487| —440| —375 
320 —741| —629| —532| —478| —563| —549| —509| —46l1| —396 
300 —762| —652) —554) —500} —585| —570| —530| —482|} —416 
280 —574| —520| —606| —591| —549}| —502|} —435 
260 —595| —538| —626| —611] —569| —520| —454 
240 —614| —556| —645| —630|} —588| —538} —471 
220 —574| —662| —647| —606| —555| —487 
200 —590} —680} —664| —622} —571) —502 
* Pi pet manganese is counted as 2P1 pct chromium, and P» pct silicon as P2 pet iron. 
embryo (D) is less than that of forming — Fe (solution of iron and carbon) 
embryo (C), for embryo (C) requires — Fe [14] 


a larger ferrite region with greater area 
of interface and greater volume of the 
unstable phase. 

Although embryo (E), with carbon 
concentration increasing from zero at 
the boundary of the ferrite region to the 
average value at the boundary of the 
volume V* has a free energy of forma- 
tion somewhat smaller than does em- 
bryo (D), it is assumed, for ease of 
calculation in the following analysis, 
that martensite nucleates from em- 
bryos similar to embryo (D). 

The free energy of formation of em- 
bryo (D) is the sum of two free ener- 
gies; (1) that required to clear the 
carbon from a volume V*, and: (2) that 
associated with formation of the small 


ferrite region. It is assumed that the 


free energy required for formation of 
the small ferrite region is small in com- 
parison with that required to clear the 
carbon from volume V*. 

The free energy change accompany- 
ing the reaction 
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corresponds to a transfer of all carbon 
from one gram atom of iron in aus- 
tenite of initial carbon concentration 
Nc to a large reservoir of austenite of 
carbon concentration Ne. The activity 
constant for the reaction is 


K = age/dyecc) = 1/Arece) 


taking the activity of pure iron as 
unity. The corresponding free energy 
change is 


AF — AFy = RT InK 
= — REin Aye(C)- 


The standard free energy change AF» is 
zero, hence 


AF = —RT Ina [15] 


cal per g atom of iron where the sub- 
script has been dropped and In a repre- 
sents the logarithm of the activity of 
iron in an iron-carbon alloy.!® 

The activity of iron in austenite has 
been determined by Smith.!* He shows 


that the relationship 


Ne/N. + [6.5 — 6 exp 
(— 1500/RT)] (Ne/ Ns)? 


—Ina= 


[16] 


gives satisfactory agreement with the 
experimental values over the entire 
temperature and composition range 
investigated. Nc is the mol fraction of 
carbon, and JN, is the mol fraction of 
iron. It is assumed in the following 
analysis that Eq 15 and 16 hold for 
steels of arbitrary composition when 
N, is taken as the sum of the mol 
fractions of all substitutional elements. 
The free energy change upon re- 
moving the carbon from a small region 
containing only n interstitial positions 
is 
Af, = — (n/N) RT Ina 


= —nkT Ina. [17] 


The equilibrium number no of carbon- 
free regions containing n lattice sites is 
proportional to exp (— Af,/kT) = exp 
(n Ina). Assuming ideal mixing of 
carbon-free regions and the remaining 
iron atoms the proportionality factor is 
N per mol of lattice sites,* giving 


no = N exp(n Ina). [18] 


The number of regions larger than a 
critical size n* is 


co 
a nodn 
n= n* 


= — (N/Ina) exp(n* Ina) [19] 


per mol of lattice sites. 


CALCULATION OF M, 
TEMPERATURES 


Fisher’? has assembled information 
concerning the free energy change 
upon transforming austenite to mar- 
tensite. The free energy change is 


AF,,’ ao NyeAF ye 
+ Ne (10,500 — 3.4257) + AF; 
+ NeRT In (Yer*/Yor") [20] 


cal per g atom for iron-chromium-car- 

bon alloys,t where the symbols have 

the following meanings: 

AF,,’ = free energy change upon 

transforming a gram atom 

of austenite to martensite 

(in the absence of elastic 

distortion associated with 
coherency). 

AF y. = free energy change upon 
transforming a gram atom of 
y-iron to a-iron. 

AF, = free energy change accom- 


ali A gram atom of iron-chromium-carbon alloy 
contains NFe, Ncr and Nc mols of iron, chrom- 
ium and carbon. : 
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panying the disordered-car- 
bon— ordered-carbon trans- 
formation in a gram atom of 
martensite. 
Nye = mol fraction iron. 
Noe = mol fraction carbon. 
Nc, = mol fraction chromium. 
R = gas constant, 1.986 cal per 
mol °K. 
T = temperature, °K. 


Yor" = activity coefficient for chro- 
mium in a phase. 
Yor’ = activity coefficient for chro- 


mium in y phase. 
As-very little is known concerning 
Yer" and Yor’, the approximation RT 
In (Yor*/Yer’) = Ko; is made, where 
Kc, 18 a constant.?7 
Let N. be the sum of the mol frac- 
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FIG 2—(A) Critical size for martensite 
growth. (B-E) Possible martensite embryos, 


schematic. 
Dots represent carbon atoms. 


tions of all substitutional elements. 
The free energy change per mol of lat- 
tice sites is then 


AF, = (Nye/N;)AF ye 
+ (Nc/N:)(10,500 — 3.4257) 
+ AF s/N. + (Ner/Ns)(1200). [21] 


The choice Ko, = 1200 cal per g atom 
is justified in the following analysis. 
AF,, enters naturally into nucleation 
theory, for the free energy change per 
mol of lattice sites is very nearly pro- 
portional to the free energy change per 
unit volume. Table 1 gives values of 
AF, vs. temperature for the 12 steels 
of interest in the present report. 

It has been suggested that marten- 
site nuclei form in carbon-poor austen- 
ite regions, and that the number of 
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martensite plates that form on cooling 
to a given temperature is equal to the 
number of carbon-free regions in the 
austenite that exceed the critical size 
for coherent growth of martensite 
nuclei in austenite of average carbon 
concentration. 

According to this interpretation 
there is no sharply defined M, tem- 
perature above which martensite does 
not form. However, there is a definite 
temperature, the experimental M, 
temperature, at which the probability 
of finding a martensite plate during 
microscopic examination of a given 
specimen area is say 0.5. This tempera- 
ture corresponds to a definite number 
of martensite plates per unit volume 
of iron. An equation for the experi- 


6.32 


x 
ere 


52735 O17 ~.02" 03 04 05 06 
CARBON CONTENT, Ng/Ng 


FIG 3—M, temperature for 3 pct chromium steels as a function 


of carbon content. . 


Experimental values determined by Lyman and Troiano,!° 
and (0.38 pct C only). by Klier and Lyman.” Curve calculated from 


Eg 25 
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FIG 4—M, temperature for 1 pct carbon steels as a 


function of chromium content. 
Experimental values determined by Lyman and Troiano.'* 
Curve calculated from Eq 25. 
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mental M, temperature can be ob- 
tained therefore by setting the expres- 
sion for the number of martensite 
nuclei (that is, the number of carbon- 
free austenite regions as large or larger 
than the volume of a critical size 
martensite nucleus) per mol of lattice 
sites equal to a constant, 


n, = —(N/Ina) exp(n* Ina) = Ki. 
[22] 


Since the order of magnitude of In a 
is the same for all steels for which M, 
is determined, the above condition is 
practically equivalent to stating that 
the exponent n* In a is constant, 


nna Kos [23] 


The number n* of lattice sites in a 
critical size martensite nucleus is pro- 
portional to its volume V* which 
is in turn proportional to AF,,—* (see 
Eq 12). Here AF, ~ Af is the free 
energy change in calories per mol of 
lattice sites for transformation to 
supersaturated ferrite. The equation 
for the M, temperature is therefore 


AF, = K;(—In a)” [24] 


or substituting the value K; = —800 
which was found to give the best 
agreement with the data of Lyman 
and Troiano,!° 


AF, + 800(—In a)* = 0. [25] 


M, temperatures calculated from 
Eq 25 are compared in Fig 3 with the 
experimental values determined by 
Lyman and Troiano’® for seven 3 pct 
chromium steels containing from 0.08 
to 1.28 pet carbon. Values of AF, 
and —/n a required for the calculation 
are given in Table | and Eq 16. 

M, temperatures calculated for four 
1 pet carbon steels of varying chro- 
mium content are compared with the 
experimental values of Lyman and 
Troiano!® in Fig 4. The value Ko, = 
1200 cal per g atom was selected to 
give agreement between Eq 25 and 
these experimental data. 


MARTENSITE TRANSFORMATION 
CURVES 


A martensite transformation curve 
gives the fraction of martensite, or the 
remaining fraction of untransformed 
austenite, as a function of quenching 
bath temperature for specimens cooled 
as rapidly as possible from the austen- 
itizing temperature. The growth of 
individual martensite plates is stopped 
by austenite grain boundaries, pre- 
viously formed martensite plates, and 
other crystal discontinuities that do 
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not allow coherent growth across an 
interface. The size of the first few 
martensite plates that form in a 
specimen of austenite containing no 
undissolved carbides is determined, 
therefore, by the austenite grain size. 
The size of later martensite plates is 
determined by the size of the pockets 
of untransformed austenite remaining 
among previously formed martensite 
plates. Calculation of martensite trans- 
formation curves requires an estimate 
of the size of these austenite pockets 
as a function of austenite grain size 
and number of martensite plates. 

Let Vo be the volume of a mol of 
lattice sites, let gVo be the volume of a 
single austenite grain, and let mqVo be 
the volume of an average martensite 
plate that forms near M,. 

After n plates have formed, the 
mol of lattice sites is cut up into 
chunks about qVo/(qn + 1) cc in size. 
Let V,, be the volume of martensite 
formed. Slightly below M,, dV,,/dn = 
mqVo/(qn + 1) is the volume rate of 
transformation per martensite plate. 
A bette: approximation to dV,,/dn is 


dV,/dn = mq(Vo — Vm)/(qn + 1) 
[26] 


where Vo has been replaced by Vo — 
Vn = Va, the remaining volume of 
untransformed austenite. 

Integrating, —In (Vo — Vm) = min 
[c(qgn + 1)] where c is the integration 
constant. V,, = 0 when n = 0, hence 
—In Vo = mlinc and 


1 — Van/Vo = Va/Vo = (qn + 1)-. 


[27] 


Let no be the number of martensite 
nuclei that would have appeared in the 
absence of nucleus growth. n, the ac- 
tual number of martensite plates, is 
related to no by the equation 


dn/dno = Va/Vo = (qn+1)-™. [28] 
Integrating, 

(qn + 1)™*1/(m + 1) = qno + co. 
The value of cz is 1/(m+ 1), giving 
(qn + 1)" = (m+ Igno +1 

or 
(qn + 1)-™ 


= [(m + 1)qno + ]]-7/ mt) 
== (Gre s” [29] 


since m <1. 
Therefore, the fraction of retained 
austenite is 


Va/Vo = (qno + 1)-™ [30] 


where 


no = —(N/In a) exp(n* In a) 
= —(N/In a) exp(V* In a/v) 


is the number of martensite nuclei, q is 
the reciprocal of the number of austen- 
ite grains per mol of lattice sites, vo is 
the volume per lattice site, and m< 1 
is a function of the shape of the mar- 
tensite plate. 

Let the ASTM grain size be g. There 
are then 20-! grains per sq in. visible at 
100 diam, or 10429-! grains per sq in. 
The area of an average spherical 
grain cut at random is A = 2zr,”/3, 
hence the radius of a typical grain fol- 
lows from the relationship 


10420-1(2er,2/3) = 1 


[31] 


giving 
To = Om Deen 
==). (00))ia22 9o/7 (CM. 


The volume per austenite grain is 
Vi Aa 4/3 —100 (10) 82 =40/ree; 


and the number of austenite grains per 
mol of lattice sites is Vo/Vi where 
Vo = 7.2 cc is the volume occupied by 
a gram atom of iron. The value of q is 
therefore 


q = Vi/7.2 = 9.0(10)-82-0/2 [32] 


moi of lattice sites per austenite grain. 
The volume of the average austenite 
grain is 
Anr,?/3 = qVo, 


and the volume of the average mar- 
tensite plate that forms in such a grain 
is 


3(6/r)?r,3/32 = mqVo 


where 6/r is the thickness to radius 
ratio for martensite plates. The ratio of 
plate volume to grain volume is 


m = 9n(5/r)/128, 
or 
= —9rAf/5120 = —yAF, [33] 


taking 6/r = —Af/40 as given in Eq 
13. » is the constant of proportionality 
between m and AF ,,. 

Martensite transformation curves 
now can be calculated by means of Eq 
30, where no is given by Eq 31, q by 
Eq 32, and m by Eq 33. The coefficient 
» in Eq 33 is the only unknown param- 
eter. The best agreement between cal- 
culated transformation curves and 
those determined experimentally by 
Harris and Cohen?! is obtained when 


B =~7(10)-6, [34] 


Fig 5 and 6 compare calculated and 


experimental curves for a 1.1 pct car- 
bon steel and a 1.1 pet carbon, 1.5 pet 
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FRACTION OF MARTENSITE 


TEMPERATURE IN DEGREES K 


FIG 5—Martensite transformation curve for 1.1 pct carbon 


steel. 


Experimental points determined by Harris and Cohen.!! Curve 


calculated from Eq 30. 


chromium steel. 

Two important effects have been 
neglected in calculating martensite 
transformation curves. It is observed 
frequently that the growth of one mar- 
“tensite nucleus immediately sets off 
the growth of several others in the 
strained austenite adjacent to the first 
martensite plate. Elastic strains set up 
by the first plate presumably have 
altered-the critical size for growth of 
otherwise subcritical nuclei, so that a 
few of them become supercritical and 
grow. Further, when a significant frac- 
tion of austenite is transformed, inter- 
action of the stress fields around 
neighboring martensite plates allows 
them to thicken considerably in com- 
parison with the equilibrium thickness 
for an isolated plate. Both the multi- 
plication effect and the thickening ef- 
fect lead to increased transformation 
over that given by Eq 30, the dis- 
crepancy becoming large when a signi- 
ficant amount of martensite is present. 


Significance of the Agree- 
iment between Theory 
and Experiment 


M, temperatures and martensite 
transformation curves have been calcu- 
_lated from the basic assumptions that 
martensite and austenite are coherent, 
and that martensite grows by the 
mechanism sketched in Fig 1. Agree- 
ment between theory and experiment, 
summarized in Fig 3-6, is satisfactory, 
although it can be contended that the 
significance of this agreement is di- 
minished by the arbitrary choice of 
values for the two parameters 0 (the 
coefficient of the strain energy term in 
the equation for the work of forming 


OCTOBER 1949 


re) ° 
200 220 240 260 280 300 320 MO 360 380 400 420 ro) 460 


FRACTION OF MARTENSITE 


a coherent embryo) ando (the coherent 
interfacial free energy). 

Certainly, however, the significance 
of the agreement will be increased if it 
can be shown that the value of 6 re- 
quired for calculation of martensite 
transformation curves is that given by 
elasticity theory, and if it can be shown 
that the value of « required for calcula- 
tion of M, temperatures is reasonable 
in comparison with known surface and 
interfacial free energies. 


THE SHAPE OF A MARTENSITE 
PLATE 


The strain energy associated with a 
martensite plate of thickness 6 and 
radius r is H = @xré? according to Eq 
6. The value of the coefficient 6 can 
be roughly estimated by assuming that 
the strain in the austenite surrounding 
a martensite plate is uniform through- 
out a circumscribed sphere of radius 
r. The shear strain is approximately 
y = ¢6/2r where ¢ is the “homogene- 
ous shear” angle of the martensite. The 
energy per unit volume is 


E, = Gy?/2 = $°G(6/r)?/8 
and the total strain energy is 


E = (4/3)ar3[¢?G(6/r)?/8] 
= (1/6)$°Grd?, 
whence 


6 = ¢°G/6. [35] 


Taking ¢ = 0.34 corresponding to the 
Nishiyami!® orientation relationship 
between martensite and austenite, and 
G = 8(10)!! dynes per cm? (the value 
for ferrite) as an approximation for 


austenite, the value of 0 is 
6; = 1.54(10)!° dynes per cm”. [36] 


This approximate value of 6 may be 
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FIG 6—Martensite transformation curve for 1.1 pct carbon, 


1.5 pct chromium steel. 


Experimental points determined by Harris and Cohen.!! Curve 
calculated from Eq 30. 


compared with the value assumed in 
the analysis of martensite transforma- 
tion curves. Eq 33 and 34 give 


m = —9rAf/5120 = —7(10)-5AF,, 
whence 


6 = 0.46(10)'° dynes per cm?, [37] 


in satisfactory agreement with 6, in 
view of the approximations in the elas- 
tic analysis and in the assumption that 
austenite pockets remaining in par- 
tially transformed steel are spherical. 

The thickness to radius ratio 6/r for 
martensite plates can be calculated 
from the relationship 


5/r = —Af/40 


= —3.2(10)-4AF,,. [38] 


At the M, temperature, the ratio 6/r 
calculated for 3 pct chromium steels 
varies from 0.084 to 0.151 as the carbon 
content varies from 0.08 to 1.28 pct. 


THE COHERENT a-y INTERFACIAL 
FREE ENERGY 


The experimental martensite start 
temperature corresponds to the pres- 
ence of a definite number of martensite 
plates in a quenched sample of austen- 
ite of given grain size. A reasonable 
estimate of the number of plates 
needed to provide one visible plate per 
microscope field suggests that there are 
about 10° martensite plates per mol of 
lattice sites at the M, temperature. 

Substituting the value 10° for the 
number of martensite nuclei, Eq 22 
becomes 


106 = n, = —(N/In a) exp(n* In a) 
= —(N/Ina) exp(V* Ina/v). [39] 


For ordinary values of Ne/N., Eq 39 
fixes the value of V* In a/vo to be 
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FIG 7—Calculated martensite transformation curves for 1 pct C, 3 pct Cr steel with ASTM 


grain sizes O and 7. 
Arrows indicate temperatures for 0.01 pct transformation. 
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FIG 8—Calculated martensite transformation curves for 3 pct chromium steels of differing 


carbon content. 
Arrows indicate temperatures for 0.01 pct transformation. 


V* In&= a/% —45. [40] 


Substituting the value of V* from 
Eq 12, 


32,768 w 6? 03 In a/27 v9 Af® 


= 45. [41] 


Taking [—In a]”/AF,, = —1/800 and 
6 = 0.46(10)!° from Eq 25 and 37, Eq 
41 can be solved for the coherent 
a-y interfacial free energy o, 


o = 24 ergs per cm?. [42] 


The value o = 24 ergs per cm? that 
must be assumed in calculating M, 
temperatures can be compared with the 
surface and interfacial free energies of 
solid copper, which should not differ 
markedly from those of iron: 


o; = 1400 ergs per cm? 

(surface tension of copper?° 
o, = 150 ergs per cm? 
(non-coherent copper-copper 

Interface?! 
o3 =5 ergs per cm’, very approxim- 
ately (twin boundary”!), 
It is encouraging to note that the co- 
herent a-y interfacial free energy and 
the twin boundary free energy in cop- 
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per agree as to order of magnitude. 

It appears that the values of the 
parameters @ and o, arbitrarily chosen 
to give agreement between theory and 
experiment, are close to the values 
expected from independent considera- 
tions. Within the error of an approxi- 
mate calculation, 0 is correctly given by 
a purely geometrical elastic analysis. 
The value of ¢ is reasonable in the light 
of what is known concerning coherent 
interfacial free energies of solids. 


Influence of Austenite 
Grain Size and Other 
Variables 


The M, temperature and the extent 
of martensite transformation are de- 
pendent upon the austenitic grain size. 
Whenever nuclei form at random in the 
parent phase, and rapid growth of the 
new phase ceases at grain boundaries of 
the parent phase, each transformed 
particle is restricted to a single parent 
grain. The amount of transformation is 
the product of the number of nuclei and 
the size of each transformed region. 
The number of nuclei is independent of 


grain size, and the volume of a typical 
transformed region is proportional to 
d? where d is the mean grain diameter, 
leading to the relationship 


(pet transformation) ~ d* [43] 


during the early stages of transforma- 
tion. A ten-fold decrease in grain diam- 
eter decreases the volume transformed 
to martensite by a factor of a thousand, 
thereby lowering the experimental M, 
temperature. 

Eq 30 gives the variation in the mar- 
tensite transformation curve with grain 
size for all stages of transformation, 


Va/Vo = (qno + 1)-, 


where q is the number of mols of lat- 
tice sites per austenite grain. Fig 7 
compares the calculated martensite 
transformation curves for two speci- 
mens of 1 pct C, 3 pct Cr steel with 
ASTM grain sizes 0 and 7, representing 
approximately a ten-fold change in 
grain diameter. The M, temperature is 
10-13°C lower (depending upon the 
method of measurement) in the fine 
grained material, and a comparable de- 
gree of transformation is achieved in a 
longer temperature interval. 


INFLUENCE OF COMPOSITION ON 
THE SHAPE OF MARTENSITE 
TRANSFORMATION CURVES 


Consider steels of varying chromium 
content and fixed carbon content. For 
these steels the free energy change 
AF,, on transforming austenite to mar- 
tensite depends to a first approximation 
only upon the amount of subcooling 
below M,. Hence no and m in the rela- 
tionship Ve/Vo = (qno + 1)-™ are the 
same functions of the temperature 
interval below M, for all steels of a par- 
ticular carbon content, and the shape 
of the M, transformation curve is inde- 
pendent of chromium content. 

Steels with different carbon contents 
do not have quite the same shape, how- 
ever, aS Shown in Fig 8 where calcu- 
lated curves are compared for several 
3 pct chromium steels of varying car- 
bon content. The variation in shape 
with carbon content is in qualitative 
agreement with the observations of 
Grange and Stewart.?? 

Although grain size and carbon con- 
tent influence the shape of martensite 
transformation curves, examination of 
Fig 7 and 8 indicates that for the usual 
grain sizes and carbon contents that 
are employed in commercial steels, the 
shape of the martensite transformation 
curve is relatively insensitive to these 
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variables. The fraction of austenite 
transformed depends primarily upon 
the temperature interval below M,, in 
agreement with the observations of 
Harris and Cohen.!! 


EXTRAPOLATED M, 
TEMPERATURES 


The extrapolated M, temperature is 
that at which the nearly linear portion 
of the martensite transformation curve 
intersects the axis of zero martensite. It 
lies a few degrees below the M, tem- 
perature corresponding to the first 
plates visible during microscopic ex- 
amination, as shown in Fig 9, where the 
shape of a calculated martensite trans- 
formation curve is given in detail near 
the M, temperature. 

Averaging data from 12 martensite 
transformation curves determined by 
Harris and Cohen!" the extrapolated 
M, temperature was found to lie about 
6°C below the highest temperature of 
martensite observation for steels with 

_M, temperaturesin the range 350 < M, 
< 500°K. This value compares favor- 
ably with the calculated value of about 
9°C. 


STABILIZATION 


Consider a specimen of austenite that 
transforms partially to martensite 
upon quenching to a temperature T_». 
It frequently is found that holding the 
specimen for a time at T_; > T_, de- 
creases the amount of martensite 
formed on subsequent cooling to T_., 
the maximum amount of marten- 
site corresponding to direct quench- 
ing to T_».!1 This process is termed 
stabilization. 

A mechanism for stabilization in 

single component systems has been 
described in the first section on nuclea- 
tion. When embryos that would have 
become athermal nuclei upon further 
cooling are present in excess of their 
steady state concentration at a holding 
temperature T_;, they decrease in 
number with time. Subsequent cooling 
to T_.< T_, then produces fewer 
_athermal nuclei and less additional 
transformation. In general, stabiliza- 
tion requires that subcritical embryos 
of the new phase somehow be elimi- 
nated while the specimen is held at 
T_,. In single component systems, only 
embryos that grow smaller are elimi- 
nated. In the iron-carbon system, mar- 
tensite embryos perhaps may be 
eliminated by processes that involve 
the diffusion of carbon. 

Harris and Cohen" have shown that 
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FIG 9—Shape of calculated martensite transformation curve 
near Ms. 


stabilization does not occur at tem- 
peratures above a critical temperature 
os, dependent upon composition, and 
that the amount of stabilization in- 
creases as the holding temperature 
decreases below o;. The o, temperature 
has both theoretical and practical sig- 
nificance, and a complete analysis of 
austenite decomposition should provide 
means for explaining and predicting its 
existence. However, the mechanism of 
stabilization appears to be more com- 
plex than that of the austenite — mar- 
tensite transformation, and lies beyond 
the scope of the present analysis. 


RATE OF GROWTH OF 
MARTENSITE PLATES 


Coherent growth of martensite is 
very rapid, for each atom need move 
only about 0.34 of an atomic spacing to 
join the new lattice. The activation 
energy q* for the unit process during 
this sort of ‘diffusion’? is approxi- 
mately (0.34)? times that for moving an 
atom a full atomic spacing. The latter 
value is estimated by Huntington and 
Seitz?? to be about 0.36 times the 
activation energy for self-diffusion, the 
remaining 0.64 of the activation energy 
corresponding to the formation of a 
lattice vacancy. Birchenall and Mehl?! 
report the activation energy for self- 
diffusion in y-iron to be 48,000 cal per g 
atom, hence 


q* = 0.36 (0.34)? (48,000) = 2000 [44] 


cal per g atom (very approximately) is 
the activation energy for coherent 
growth. 

The value qg* = 2000 cal per g atom 


is in excellent agreement with the ex- 
perimental activation energy q* = 
1600 cal per g atom observed by 
Kurdjumov and Maksimova for iso- 
thermal transformation of austenite to 
martensite in the temperature range 
79 < T < 173°K where the rate of 
transformation is measurably slow,’ 
although these authors assumed that 
q* was associated with nucleation, 
rather than growth, of martensite 
plates. The very important work of 
Kurdjumoy and Maksimova proves 
that the austenite — martensite trans- 
formation proceeds isothermally with a 
rate that approaches zero at the abso- 
lute zero of temperature, and is 
evidence strongly in favor of the nu- 
cleation and growth hypothesis of 
martensite formation. 


Conclusions 


Martensite start temperatures and 
martensite transformation curves have 
been calculated from the basic assump- 
tion that the austenite > martensite 
transformation proceeds by nucleation 
and growth. Martensite is identified as 
coherent supersaturated ferrite, and 
martensite nuclei are identified as small 
carbon-free austenite regions retained 
from the austenitizing temperature. 

Agreement between experiment and 
theory is satisfactory, and there is rea- 
son to believe that adequate thermo- 
dynamic data will allow accurate 
calculation of M, temperatures and 
martensite transformation curves for 
steels of arbitrary composition and 
heat treatment. 
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Some Observations in the Structure of Alpha Brass Single 
Crystals after Cutting and Polishing 


ROBERT MADDIN,* Junior Member, and WALTER R. HIBBARD, JR.,| Member AIME 


A series of X ray experiments con- 
ducted by G. I. Taylor! in 1927 and 
later substantiated in 1939 by J. A. 
Collins? both on axially strained alumi- 
num single crystals, revealed evidence 
that during single slip crystallite rota- 
tion occurs in such a manner that “‘all 
parts of the material rotated about the 
transverse direction in the plane of 
slip.””? 

The actual method of preparing the 
specimens for X ray examination is not 
discussed in detail by Taylor except to 
say that “this specimen was cut paral- 
lel to the plane of slip, as calculated 
from measurements of marks in the 
surface of the specimen. It was ground 
and etched till the effect of the new cuts 
had disappeared. This was verified by 
applying the same treatment to an un- 
distorted specimen. The X ray reflec- 
tionst{ in this case were perfect ones.’”! 

Collins, on the other hand, cut his 
crystals in a mechanical shaper. These 
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surfaces were polished on No. 1, No. 
1/0, No. 2/0 and No. 3/0 papers and 
on a broadcloth lap using No. 600 
alundum as a_ polishing medium. 
“Finally, the surface was deeply 
etched in Tucker’s reagent. An unde- 
formed crystal was prepared in the 
manner described and X rayed to de- 
termine whether or not the machining 
and polishing operations had produced 
any strain or distortion in the crystal. 
The Laue spots all seem to be sharp, 


TN 23 E. Manuscript received June 
24, 1949. j 

* Formerly Research Fellow in 
Metallurgy, Yale University, New 
Haven, Conn.; now Assistant Pro- 
fessor of Mechanical Engineering, The 
Johns Hopkins University, Baltimore,” 


Md. 
+ Assistant Professor of Metallurgy, 
Yale University. 
{ Presumably Laue back-reflection 
photograms. 
1 References are at the end of the 
paper. 


free from tails and streaks indicating 
no detectable strains had been intro- 
duced in the crystals.’”? 

Taylor’s X ray technique involved 
the use of “homogeneous X rays from 
an iron anti-cathode”’; whereas Col- 
lins used K, radiation of copper at 31kv 
and 20 milliamperes. 

Glancing angle X ray photograms 
were taken (1) with the axis of rotation 
of the spectrometer table in the plane 
of slip and at right angles to the slip 
direction, and (2) with the axis of the 
spectrometer table lying along the slip 
direction. 

However, eight minute exposures 
were used in each case and the angle 
setting of the spectrometer table was 
increased by one degree for each 
exposure. 

With the discovery of the action of 
three slip systems* in the plastic de- 
formation of single crystalline alpha 
brass where, formerly, only one had 
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FIG 2—Glancing angle photogram 
of the crystal showing spread in orienta- 
tion of the {111} plane. 


6 = 21°30’; monochromatic radiation; eight 
hour exposure. 


FIG 1—Laue photogram of {111} section from 
crystal showing absence of streaks or tails. 


been considered to have operated, C. 
H. Mathewson suggested that the ex- 
periments of Taylor and Collins be 
repeated in order to examine critically 
the possible effects of the deformation 
process in terms of pole rotations intro- 
duced by the action of more than one 
slip system. 

Consequently, the orientation of an 
undeformed single crystal of alpha 
brass was determined by the Laue 
back-reflection method. A disk, with 
its flat surfaces parallel to a convenient 
(111) plane, was carefully cut from the 
crystal with a No. 14B jeweler’s saw in 
a goniometric miter box. The disk was 
polished carefully by hand on a series 
of fine files followed by No. 1/0, No. 
2/0 and No. 3/0 metallographic papers. 
The disk was next etched in 1:1 HNO; 
so as to remove at least 0.125 in. from 
the cut surface. The (111) plane was 
within one degree of being parallel to 
the surface as determined by a Laue 
back-reflection photogram. The effects 
of cutting and polishing were seemingly 
removed as adjudged by the condition 
__of the Laue spots shown in Fig 1. Al- 
though these spots are multiple indicat- 
ing lineage imperfections somewhat less 
than 2° in magnitude, they are sharp 
and free from tails or streaks as they 
appeared in first photogram orienting 
the specimen. 
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The disk was mounted on a goniom- 
eter head set at the proper @ angle 
(21°30’) for primary octahedral reflec- 
tions. Intense monochromatic copper 
K radiation was obtained by reflection 
from the C-cleavage surface of a suita- 
bly oriented pentaerythritol crystal. 
The tube was operated at 3lkv and 11 
milliamperes. The crystal reflected 
beam passed through a collimator 2 in. 
long containing a 1 mm bore. A 1.75 in. 
specimen to film distance was used. 
Satisfactory photograms were ob- 
tained using 8-hr exposures, Fig 2. 

A spread of at least 35° may be seen 
in Fig 2. This spread in orientation may 
be interpreted as indicating that 
mechanically cutting a single crystal 
affects its structure throughout a con- 
siderable thickness. Changing the 0 
angle to 30° (an increase of 8°30’) re- 
sulted in a very weak 8° spread after 
10 hr exposure. 

The depth to which surface prepara- 
tion disturbances can be detected in 
single crystals has been considered by 
Lacombe and Chaudron.‘ However, 
their disturbed structures were meas- 
ured as less than 100 microns dependent 
upon the material. In the present in- 
vestigations a minimum of 0.125 in. 
was removed after mechanical cut- 
ting and polishing and yet a dis- 
turbed structure was apparent, when 


investigated with directed characteris- 
tic radiation. 

Since the present investigation made 
use of monochromatic X rays rather 
than white radiation to detect these dis- 
turbances and the exposures were con- 
siderably longer than those of Taylor 
and Collins, it would appear that they 
may not have removed with all cer- 
tainty the mechanically disturbed 
surface by their treatments and the 
method of detection used. This suggests 
a reinvestigation of their findings, 
which is under way. 

The authors would like to acknowl- 
edge the assistance of Mr. Marritt L. 
Kronberg of this Laboratory for setting 
up the monochrometer. 
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Simultaneous Aging and 
Deformation in Metals 
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J. D. LUBAHN* 


The influence of precipitation from 
solid solution on the subsequent de- 
formation resistance of alloys is well 
known. However, the influence of pre- 
cipitation or aging that occurs simul- 
taneously with deformation may be 
entirely different and of considerable 
importance. It is thought! that the 
presence or absence of a yield point jog 
in impure iron at room temperature 
and the presence or absence of discon- 
tinuous flow at higher temperatures 
may be directly related to aging 
phenomena, particularly since the yield 
point jog is absent when the carbon 
and nitrogen are sufficiently removed.? 

Asa preliminary attack on the prob- 
lem of simultaneous aging and defor- 
mation, three kinds of tests—constant 
strain rate tensile tests, constant load 
creep tests, and variable strain rate 
tensile tests—were carried out on an 
age hardenable aluminum alloy. 


Constant Strain Rate 
Tensile Tests 


Stress-strain curves at a strain rate 
of about 0.001 min-! were obtained for 
specimens of 61S that had _ been 
quenched into liquid nitrogen after a 
one-hour solution treatment at 521°C, 
then aged at room temperature 10 min., 
20 min., 4 hr, and 26.5 hr before test- 
ing. Strain-time curves were obtained 
on the same chart with the stress-strain 
curve by means of an auxiliary pen, 
driven parallel to the axis of the chart 
drum at constant speed by a synchro- 
nous motor and gear chain. The angle 
of rotation of the chart drum was 
proportional to strain. The strain 
rates reported are the measured slopes 
of the strain time curves. Constant 
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FIG 1—Effect of amount of prior room-temperature aging 


on the room-temperature stress-strain curve of solution treated 
61S. Strain rate = 0.0013 min.—! 
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FIG 2—Effect of strain rate and prior room tem- 
perature aging on the flow stress at 0.003 plastic 
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strain rate was approximated (within 
a factor of 2) by manual adjustment 
of the oil inlet valve of the hy- 
draulic testing machine in such a way 


’ that the course of the recorder pen was 


parallel to pre-drawn strain-time lines 
of the desired slope. 

The specimens were machined from 
% in. rod. The cylindrical portion was 
0.357 in. in diam by 134 in. long and 
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smoothed into the 144 in. —13 threaded 
ends by 14 in. fillets. Strain was meas- 
ured by an averaging Baldwin-South- 
wark microformer-type strain gauge 
with a 1.4 in. ga. length between 
conical points, used in conjunction 
with a Baldwin-Southwark _ stress- 
strain recorder and tensile testing 
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1450 


= 


n 


machine. 

As expected, the resulting stress- 
strain curves, two of which are plotted 
in Fig 1, show that for a given strain 
rate the flow stress is higher the longer 

the period of aging preceding the test. 
a ; in Ei The entire stress-strain curve is smooth 
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FIG 3—Discontinuous flow in-61S aged 10 min. at room temperature before 
room temperature testing at0,00075 min—! (or equivalent rate of head separation 
during discontinuous flow). 
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0159016006! s«wl62?_s«C«cS—siC HC SC only for specimens aged for sufficiently 

Aslan long periods of time before testing. 
Although the early portions of the 
other curves also are smooth, the later 


portions exhibit discontinuous flow.* 
j 


* The term “‘discontinuous flow”’ will be used 
to designate any failure of the metal to follow 
a smooth stress-strain curve or strain-time curve. 


34 
33 
n 
Ww 
io 
2 32 
= 
| 
w 3! 
= 
- 
30 
29 
2000 
28 
1950 
27 
1900 
c2) 
a 26 
! 1850 
q 
< 25 
1800 
1750 5 0260 
0225 0230 0235 0240 0245 0250 025 02 


STRAIN 


FIG 4—Discontinuous flow in 61S aged 10 min. at room temperature before room- 
temperature testing at 0.00075 min.~! (or equivalent rate of head separation during discon- 
tinuous flow). 
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FIG 5—Discontinuous flow in 61S aged 10 min. at room temperature before room-temperature 
testing at 0.00075 min.— (or equivalent rate of head separation during discontinuous flow). 
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FIG 6—Discontinuous flow in 61S aged 10) min. at room temperature 
before testing at 0.0003 min. (or equivalent rate of head separation 


during discontinuous flow). 


For aging times that are not too 
short, flow stress values can be obtained 
from the early, smooth portion of each 
stress-strain curve. Flow stress values 
at a plastic strain of 0.003 increase with 
aging time for tests at a given strain 
rate (Fig 2), and a few tests indicate 
that a slower strain rate produces a 
higher flow stress (for a given initial 
condition of aging). This reverse rate 
effect will be discussed in connection 
with another type of test to be de- 
scribed below. 

After discontinuous flow began, a 
constant rate of head separation* was 
maintained, for it was no longer possi- 
ble to keep the strain rate constant. 
The discontinuous flow exhibited dif- 
ferent characteristics under different 
conditions of strain rate, amount 
of strain, and prior aging treatment. 
Usually there was a_ characteristic 
periodicity of rising and falling load, 
with slow extension prevailing during 
each period of falling and rising load 
and with sudden extension at the maxi- 
mum load (Fig 3). This periodic flow 
sometimes was superimposed on a 
second kind of periodic disturbance 
(with a longer period) where groups of 
load variations occurred at regular 
intervals of strain (Fig 4), or where 
alternate lengthening and shortening 
combined with rising and falling load 


* The Baldwin-Southwark testing machine had 
a pump control that provided a constant rate of 
oil flow for a given position of the inlet valve, 
regardless of the load. Thus a constant rate of 
head separation was obtained by keeping a con- 
stant opening of the inlet valve. Such a procedure 
will not produce a constant elongation rate of the 
gauge length if the load is changing, however, for 
some of the head motion is used up in fixture 
deflection. Variations in elongation rate as great 
as 20 to 1 may be expected for a constant inlet 
valve setting. 
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FIG 7—Discontinuous flow in 61S aged 2 min. at 
room temperature before room-temperature testing 


at 0.0008 min.—' (or equivalent rate of head 
separation during discontinuous flow). 
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FIG 8—Creep curve for 61ST at room temperature and 41,900 psi initial stress (tested 
several months after aging). 


actually produced loops in the stress- 
strain curve (Fig 5). 

At a smaller rate of head separation, 
smooth sections of normal stress-strain 
curve were separated by comparatively 
short, uniformly-spaced, strain inter- 
vals where a very pronounced rising 
and falling of load accompanied unusu- 
ally slow extension (Fig 6). When a 
specimen was tested almost imme- 
diately upon warming to room tem- 
perature from the liquid nitrogen 
quenching bath, discontinuous flow 
began immediately; and under these 
conditions almost square steps were 
observed in the stress-strain curve 
(Fig 7). Similar periodic flow has been 
observed by McReynolds® during ex- 
tension of specimens of several alumi- 


num alloys. He employed a very soft 
tensile machine designed to produce a 
constant rate of increase of stress, 
rather than a constant strain rate. 


Creep Tests 


61ST was subjected to constant-load 
creep tests at room temperature. The 
load was applied through an 18:1 lever 
with three hardened steel knife edges. 
The knife edges were all in the same 
plane. The strain time curve was ob- 
tained with the same device employed 
for determining strain rates in tensile 
tests. The gear train for the time-drive 
was arranged so that quick changes in 
speed of 30:1 could be made as required 
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FIG 9—Creep curve for 61ST at room temperature and 42,300 
psi initial stress (tested within a few hours after aging). 
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FIG 11—Creep curve for 61ST at room temperature and 42,300 
‘psi initial stress. Tested within a few hours after aging (continuation 


of the test shown in Fig 9). 


to avoid a strain-time curve that was 
too nearly axial or circumferential for 
accurate slope measurements. 61ST 
tested in creep at room temperature 
several months after commercial aging 
(8 hr at 350°F) exhibited smooth 
strain-time curves as shown in Fig 8. 
On the other hand, 61ST tested within 
a few hours after the commercial aging 
treatment exhibited sudden periodic 
extensions superimposed on a smooth 
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strain-time curve, as shown in Fig 9. 
Similar behavior has been observed 
with copper.4 The difference in be- 
havior between 61ST freshly aged at 
350°F and that tested long after aging 
suggests that the freshly aged material 
had the greater capacity for change at 
room temperature. 

A material that is aging rapidly 
during deformation ought to exhibit a 
very pronounced departure from the 
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FIG 10—Room-temperature creep behavior 
at successively higher loads for 61S aged 
10 min. at room temperature before beginning 


the test. 
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FIG 12—tTransient effects in a tensile test on 61ST at room tem- 
perature. 


behavior of pure metals and other non- 
aging materials. To check this point, a 
creep test was made on 6158 aged 20 
min. at room temperature after quench- 
ing into liquid nitrogen from 521°C. 
Fig 10 shows that a large plastic exten- 
sion* occurred upon application of the 
load, after which the material did not 
elongate further. Furthermore, suc- 


* The extension was too rapid for the recorder 
to follow. 
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FIG 13—Tensile transients for OFHC copper at room tem- 
perature. 
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cessive additions of small load incre- 
ments never caused gradual straining. 
After each load increment, either sud- 
den plastic extension occurred or the 
specimen remained elastic. 

The peculiar behavior observed upon 
successive application of small load in- 
crements to a currently aging metal was 
attributed to the fact that aging was 
proceeding during the test. If, as sug- 
gested above, the deformation behavior 
of recently aged 61S (61ST) can be 
affected by further room-temperature 
aging, then it might be expected that 
61ST would exhibit creep behavior 
similar to that shown in Fig 10 for 
solution treated 61S. This expectation 
was realized (Fig 11). 


Variable Strain Rate 
Tensile Tests 


In these tensile tests the strain rate 
was changed suddenly from one con- 
stant value to another. When such a 
change is made, an immediate shift 
from a stress-strain curve characteristic 
of one rate to a second curve character- 
istic of the other rate might be ex- 
pected. Actually, however, there is 
usually a period immediately following 
a rate change where the behavior con- 
forms to neither curve, with rigorous 
conformity to the new curve being ap- 
proached later. The temporary dis- 
turbance following a rate change has 
been called a “transient.’’>* 

A peculiar transient is observed for 
61ST tested at room temperature. 
Fig 12 shows that after changing the 


* The experimental equipment and procedure 
fey ee tensile_transients are described in 
ref 5. 
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FIG 15—Transient effects in a tensile test on 61ST at the 


temperature of liquid nitrogen. 
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FIG 16—Transient effects in a tensile test on 61ST at the tem- 


perature of dry ice. 
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strain rate a new stress-strain curve 
appears to be approached; but then the 
stress changes in the opposite direction 
and approaches that corresponding to 
the curve preceding the rate change. 
This lack of rate effect for steady de- 
formation (that is, after the dying-out 
of the transient) of 61ST at room tem- 
perature is surprising, for OFHC cop- 
per (Fig 13) and pure aluminum (Fig 
14) both show a definite (though small) 
rate effect at room temperature. 

The creep tests described above 
suggested that aging at room tempera- 
ture could significantly affect. the de- 
formation of 61ST; it is possible that 
aging is responsible also for the pe- 
culiar transients and the lack of rate 
effect in 61ST tested at room tempera- 
ture. To investigate this possibility, 
tensile transient tests were made at a 
series of temperatures At liquid nitro- 
gen temperature (—194°@) a definite 
rate effect was observed (Fig 15) and 
the transient consisted only of a gradual 
-shift from one curve to another, as is 
observed for non-aging metals (see 
Fig 14). This behavior would be ex- 
pected if no aging occurred at — 194°C. 
At the temperature of dry ice (—78°C) 
there was still a definite rate effect, 
although overshooting* was observed 
during the transient (Fig 16). In ice 
water (0°C) the overshooting during 
the transient was more pronounced and 
the rate effect (though small) was in 
the opposite direction to that observed 
at lower temperatures; upon increasing 
the rate, a lower stress-strain curve was 
approached than that preceding the 
rate change, and conversely (Fig 17). 
At 93°C the rate effect was large and in 
the expected direction, as shown in 
Fig 18. 

The quantity n= (log S2/S;)/ 
(log €é./é:)} was used as a measure of 
the rate effect. It was found to be 
roughly constant regardless of the 
change in rate, as illustrated in Fig 19. 
The influence of testing temperature 
on the rate effect is summarized in Fig 
20, which shows n to have a pronounced 
minimum in the neighborhood of room 

temperature. It might be inferred that 
the rate effect in 61ST is a combination 
of an inherent rate effect (that ob- 
served in non-aging metals, where 
higher rates produce higher stresses) 
and a superimposed, inverse rate 
effect, due to aging, for which lower 
rates produce higher stresses. Fig 20 


* Overshooting means that the stress changes 
to a value beyond that characteristic of the new 
strain rate, then slowly returns. 

+ The symbol « denotes strain rate. 
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FIG 17—Transient effects in a tensile test on 61ST at 0°C. 


-2.5+ 


4150- 


4 4 1 1 


3850! 4 n at 1 1 n 1 
OS O16 O17 O18 O19 020 O02! 


022 .023 .024 025 026 
STRAIN 


1 = 1 4 1 
027 028 029 .030 03) 


FIG 18—Transient effects in a tensile test on 61ST at 93°C. 
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FIG 19—Determination of n values (rate effect) illustrated for two tem- 
peratures. Derived from data of Fig 16 and 17. 


shows that the contribution of the 
aging to the overall rate effect is at a 
maximum near room temperature and 
disappears in the vicinity of —150°C. 

According to the above viewpoint, 
transients are caused by a disturbance 
in the balance between two rate ef- 


fects. Any disturbance of the balance 
between the inherent rate effect and 
the rate effect due to aging, such as a 
temporary pause in the plastic strain- 
ing, might cause an unusual transient. 
An experiment on 61ST at room tem- 
perature in which a tensile test was 
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FIG 20—Effect of testing temperature on 
the rate effect for 61ST. 


temporarily interrupted by a sojourn 
at a slightly lower load yielded such a 
transient following the interruption, 
even though the strain rate was the 
same before and after the interruption 
(Fig 21). 


Conclusions 


If a metal is aging while it is being 
plastically deformed, it may show un- 
usual deformation characteristics as 
follows: 

1. Discontinuous yielding in a ten- 
sile test. 

2. Periodic sudden extensions in a 
constant load creep test. 

3. Failure ever to undergo gradual 
extension at constant load. 

4 Unexpected transients following a 
sudden rate change. 

5 An inverse rate effect, where an 
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FIG 21—Transient effects at room temperature in 61ST caused by inter- 
rupting a constant strain rate tensile test. 


increase in flow stress (beyond the 
transient) is required to maintain a 
smaller strain rate. 
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On the Problem of Grain Boundary Movement 


Cc. G. DUNN,* Member AIME, F. W. DANIELS,* and M. J. BOLTON* 


Recent observations on grain bound- 
ary movements in silicon iron have 
indicated the possibility of studying 
grain growth phenomena in two-grain 
specimens in which several variables 
affecting growth are readily controlled. 
These variables are (1) the energy per 
unit area (vy) in the grain boundary, 
(2) the orientation relationship of the 
two grains, and (3) the radius of curva- 
ture (r) of the moving boundary. 

Ideally, one grain A should be a 
narrow rectangular parallelepiped ad- 
jacent to a second grain B as shown 
two dimensionally in Fig 1. Such a 
two-grain group becomes unstable 
when one end of grain A is shaped 
according to the dotted line. Since the 
width w of grain A remains constant 
during growth of grain B, 7 should 
also remain constant. The other vari- 
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FIG 1—Schematic diagram of two grain-group for studying 
growth. 


ables mentioned above can be con- 
trolled in the preparation of each 
two-grain specimen.':3 For a_par- 
ticular orientation of each grain, y is 


Technical Note No. 25 E. Manu- 
script received July 1, 1949, 
* Research Physicist, and Metal- 


lurgists respectively, General Electric 
Co., Pittsfield, Mass. 

1 References are at the end of the 
paper. 


not necessarily fixed; y may also de- 
pend on the orientation of the grain 
boundary, but this may be controlled 
to some degree. 

The energy relationships for the 
growth of grain B may be derived from 
the more simple arrangement of two 
grains A’ and B’ shown schematically 
in Fig 2. Here B’ largely surrounds A’. 
Assume these grains are oriented with 
a common plane parallel with the flat 
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FIG 2—Schematic diagram of two grains A’ and B’. 


portion of the specimen. Consider equal 
lengths 1 of grains A’ and A. The total 
grain boundary energy for A’ is twice 
that for A. Therefore, the width of A’ 
will be taken equal to 2w so that both 
grains have the same grain boundary 
energy for transfering a unit volume of 
metal from A to B or A’ to B’. Whena 
volume V-that is, 2wlt, where ¢ is the 
thickness of the flat specimen*—trans- 
fers to B or B’, the energy E released 
is obviously given by the following 
equation: 


<1 & 


is (1) 
w 

Thickness of the specimen does not 
enter this equation. Consequently, 
growth in such two-grain specimens 
should be independent of thickness. If 
y is independent of grain boundary 
orientation, the shape of the active 
part of the grain boundary should 
reasonably approach a semicircle. When 
this occurs, w becomes identical with 
the radius of curvature 7 of the ad- 
vancing part of the boundary and Eq 1 
then expresses the usual driving force 
for grain growth.‘ If y varies with 
grain boundary orientation, y in Eq 1 
applies to the straight part of the 
boundary. 

In the application of Eq 1 to grains 
A and B, it is assumed that the edge of 
grain A does not introduce an energy 
term. If a surface energy is involved, 
Eq 1 should be modified. It is also 
believed that w and 7 may be different 
merely because a groove tends to form 
at the open end of the curved grain 
boundary. The term to use in Kq 1, 
therefore, is w rather than r. 

The present technique permits a 
time-temperature investigation at con- 
stant curvature to be made. Also, the 
rate of grain boundary movement can 
be measured as a function of tempera- 
ture alone and the results used to calcu- 
late activation energies. 

That the above method is experi- 


* The value of ¢ at the boundary is assumed 
to be essentially the same as the value of # every- 
where else. 


OCTOBER 1949 


mentally feasible is indicated by the 
following example from our preliminary 
work. Silicon iron specimens capable of 
supporting exaggerated grain growth 
were prepared in the form of long 
strips 0.025 in. thick. Using a con- 
trolled grain growth technique,! one 
strip was converted into a suitable two- 
grain specimen with the common grain 
boundary lying parallel to the long 
dimension. The (110) planes of both 
grains were in the plane of the strip, 
and the [001] directions were 25° apart. 

A Lin. length cut from this specimen 
was annealed 4 hr at 1400°C in pure 
dry argon to eliminate boundary ir- 
regularities and to reveal the position 
of the boundary by thermal etching.° 
A final small two-grain specimen was 
prepared from the annealed piece and 
given an anneal of 10 hr at 1400°C in 
pure dry argon. 

A photograph of the specimen in the 
as annealed condition is shown in Fig 3. 
The old boundary position extends 
across the length of the specimen. The 
new boundary (one end indicated by 
arrow) is curved along the advancing 
portion and coincides with the old 
boundary for a short distance. Observ- 
ing these thermally etched boundaries 
at about 300 diam magnification, the 
old boundary appears as a “‘ ghost line”’ 
whereas the new boundary is well de- 
fined. Reality of the new boundary was 
also confirmed by an X ray Laue 
photograph. 

The specimen was then annealed an 
additional 48 hr at 140°C. No move- 
ment of the grain boundary occurred. 
It appears that the advancement was 
stopped by inclusions during the first 
anneal. 

An estimate of the available energy 


’ for growth is of interest. With y equal 


to 500 ergs per cm? approximately®’ 
and w equal to 1.3 mm, Eq 1 gives, on 
changing units, a driving energy of 
0.00009 cal per cm*. This energy may 
be contrasted with the value 9 cal per 
cm’ reported for cold worked iron.® 
Larger values of y/w could be obtained 
using smaller values of w. 


FIG 3—Photograph of a two-grain specimen 


showing growth of one grain. 
Thermal etch. X 10. 


More information using the present 
technique is anticipated from investi- 
gations now under way at this labora- 
tory. It is hoped that results may be 
reported in the near future. 
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The Transverse Bending of Single 
Crystals of Aluminum 


O%0 © 610.0 0 0 0 OCHO 1G 0 O1O"O OM ONONOTONOMO! OT ONONG O10) ORONO FORC ROO ee 


M. K. YEN} and W. R. HIBBARD, JR.,{ Junior Members AIME 


Previous studies of plastic deforma- 
tion of metals have emphasized the 
important role of bending and con- 
straints during strain under relatively 
pure stresses.1-> Some new phenomena 
such as early conjugate slip® and 
polygonization’? are intimately con- 
cerned with the relief of bending 
stresses, the former by slip and the 
latter by a process analogous to re- 
crystallization. However, few analyses 
of the bending deformation of single 
crystals were found in the literature, 
and those® are sufficiently previous to 
the modern interpretations of slip to 
invite further investigation in this area. 

The transverse bending mode of 
testing, using the two-point loading 
method, was selected because the 
center portion of the specimen may be 
considered as under a_ theoretically 
pure bending stress with a uniform 
bending moment. Considerable atten- 
tion was given to both the lattice dis- 
tortion and flow characteristics of the 
crystals during deformation. 


Experimental Procedure 


A specimen under the action of equal 
and opposite couples at both ends is 
said to undergo pure bending. The 
shear and moment diagrams of a speci- 
men under the two-point loading 
method of transverse bending are 
shown in Fig 1. The moment over the 
middle-third of the span is equal to 
PL/6, and the vertical shear is zero. 
Fig 2(A) illustrates the stress distribu- 
tion in the elastic range on a plane 
across the middle of the specimen. It 
can be seen that the normal stress has 
a Maximum value at the extreme sur- 
faces on the tension and compression 
sides, and decreases proportionately to 
zero as it approaches the neutral plane. 
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SHEAR 
DIAGRAM 


MOMENT 
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FIG 1—Shear and moment diagrams of a 
beam under transverse bending by the two- 
point loading method. 


However, when the plastic range is 
reached, the stress distribution is no 
longer a_ straight line relation, but 
changes in a manner which can be best 
illustrated as shown in Fig 2(B). The 
following calculation and stress analy- 
sis are mainly in accordance with the 
works reported by Timoshenko! and 
Kochendorfer.® 

From the simple beam formula, the 
maximum normal stress will occur at 
the surface of the specimen. For a 
round specimen with a radius r and for 
a rectangular specimen with a height 
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(A) (B) 


FIG 2—Stress-distribution in a beam for (A) 
elastic range and (B) plastic range. 


2h and width 2b, the maximum normal 
stress, S,, will be given by the following 
formulas: 

For round specimen: 


S, = a: (1] 


For rectangular specimen: 


PL 
Se 3bh2 [2] 


Since it is reasonable to consider that 
slip takes place under the same condi- 
tions as in uniaxial loading, the resolved 
shear stress S,, along the operative slip 
direction will be as follows: 

For round specimen: 


2PLa. 
» = 373 Sin Xx COs ON [3] 


For rectangular specimen: 
Pia 
a BbA2 SID x cos ON [4] 


where \ is the angle between the 
specimen axis and the slip direction 


and x, the angle between the specimen 


axis and the major axis of the glide 
ellipse. 

It was also reported by Kochen- 
dérfer® that the critical bending mo- 
ment, that is, the bending moment 
exerted on the specimen to initiate slip, 
should be higher than the value given 
by the equations stated above. Based 
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FIG 3—Bending apparatus assembly at X ray tube. 


upon his analysis, the critical shear 
stress observed in bending may be 1.5 
to 1.7 times greater than that in uni- 
axial loading for rectangular and round 
specimens respectively. 

A special bending device to apply a 
transverse load by the two-point load- 
ing method used in this investigation 
consisted of three major parts: 1. 
Back-reflection camera with demount- 
able pin-hole system. 2. Bending fix- 
ture with load-measuring device. 3. 
Deflectometer with a dial indicator. 

The assembled equipment is shown 
in Fig 3. The back-reflection X ray 
camera had two interchangeable col- 
limating pin-hole systems, 1.0 and 0.5 
mm in diam. 

In the bending device, the specimen 
was supported by two steel knife-edges 
with a span of exactly 3 in. The load 
was transmitted to the specimen 
through two knife-edges one inch 
apart which were mounted on a sliding 
steel plate bearing against a calibrated 
spring. The load was measured by 
reading the deflection of the com- 
pressed spring on the scale attached. 
The deflectometer consisted of a 
pivoted lever which was mounted so 
that the lower end contacted the 
center of the back side of the specimen. 
The upper end of the lever was at- 
tached to the stem of a dial indicator 
whose scale could be estimated to one 
ten-thousandth of an inch. 

Two different types of specimens 
were made from high-purity aluminum 
rod having the following chemical 
compositions: 


Pet 

99.975 Aluminum 
0.006 Silicon 
0.015 Copper 

- 0.006 Iron 
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Round specimens, 14 in. in diameter 
and 4 in. in length were prepared by 
Found" using a modified Bridgman 
method. Flat specimens were produced 
by a strain-annealing method com- 
parable to that reported by Carpenter 
and Elam.” 

The round specimens, used for pre- 
liminary work, were carefully metal- 
lographically polished by hand and 
etched with 2 pct hydrofluoric acid. 
Back-reflection Laue photograms were 
used to insure complete removal of any 
distortion. 

The flat specimens were cut from 
strain-annealed pieces mounted in a 
special fixture which was used as a 
guide for a No. 8 jeweler’s saw to cut 
along the longitudinal axis. After the 
sawing was accomplished, the speci- 
men was then alternately polished and 
etched using 2 pct hydrofluoric acid 
and emery paper down to No. 000. 
Subsequent wet-polishing with alumina 
on a slow-speed wheel provided a 
smooth surface ready for the final elec- 
trolytic polishing. 

The electrolytic polishing process 
used a dilute solution of fluoboric acid 
with low current density. Any smudge 
on the surface could be removed by 
immersing for about one minute in a 
hot solution containing 35 cc of 85 pct 
phosphoric acid and 20 g of chromic 
acid per liter. A subsequent rinsing 
with distilled water and alcohol and a 
final drying operation were then 
necessary. 

After the specimen had been pre- 
pared according to this method, a one- 
inch gauge length was scribed on its 
center portion. A scratch was also 
made on the end of the specimen to 
serve as a reference mark for aligning 
purposes. The specimen was then 
placed carefully on the bending device 


and adjusted in such a manner that the 
two gauge marks coincided with the 
two knife edges for load application, 
and the reference mark was in a verti- 
cal position. 

The back-reflection Laue method de- 
scribed by Greninger?!* was used for the 
determination of crystal orientation. 

t By suitably arranging a mirror with 
a binocular microscope, the front and 
top surfaces of the specimen could be 
observed concurrently during loading. 

The load on the specimen was ap- 
plied by gradually turning the knob on 
the back of the compressive spring 
which pushed the two knife edges for- 
ward against the specimen. The com- 
pression of the spring as well as the 
corresponding deflection of the speci- 
men were recorded simultaneously so 
that the load-deflection curve could be 
made. X ray photograms and micro- 
graphs were taken at successive deflec- 
tions of about 50 thousandths of an 
inch, in addition, to analyze the various 
surface markings. 


Discussion of Results 


Ten crystals, four round specimens 
and six flat ones, were investigated. 
The round specimens, approximately 
14 in. in diam, were used for prelimi- 
nary work. Flat specimens A-10, A-11, 
and A-12 were bent after electrolytic 
polishing. Flat specimens A-13, A-14, 
A-15 were tested after mechanical 
polishing and etching with a dilute 
solution of hydrofluoric acid. The 
designations, dimensions and _ initial 
orientations for all specimens are 
shown in Table 1. In order to simplify 


Table 1... Dimensions and Initial 
Orientations of Round and 
Rectangular Specimens 


Initial 
sae Orientation 
Specimen | Dimension, | Cross- : 
In. sec- 

tion cos x 

Sq In Zan) 02S sin \ 
A-2 0.218 diam 0374)43°|36° 431 
A-3 0.243 diam 0464/38°/31° 406 
A-4 0.242 diam 0461|/52°)42°| 0.412 
A-5 0.241 diam 0456|40°/50° 509 


0292/49°)44° 
49°) 44° 
0289] 42°)41° 
0303|42°/41° 
0300)41°}44° 
0297)41°|44° 


A-10/0.132 X 0.221 
A-11 |0.132 X 0.223 
0.129 X 0.224 
A-13 |0.128 XK 0.239 
A-14}0.132 X 0.227 
A-15 |0.132 X 0.225 


cooceciooocs 
So 
to 
‘© 
> 
ecccococo|ceco 
> 
nn 
na 


Rectangular | Round 
> 
ya 
i) 


the description of different positions 
on the specimen, the following desig- 
nations are used: The “front” and 
‘*‘hack’’ are the convex and concave 
sides on the bent specimen. The sym- 
bols ‘‘Top-T”’ and ‘‘Top-C”’ indicate 
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the regions on the top surface near the 
tension and compression edges re- 
spectively. For round specimens, only 
the symbols ‘‘front”’ and ‘“‘back”’ are 
applicable. Unless otherwise noted, 
photograms and micrographs are taken 
with the stress axis horizontal and in 
the plane of the page. 


Lattice Rotation in 
Bending 


Axis orientations for the unstrained 
crystals and after various amounts of 
bending are shown in Fig 4. The axis 
of the unstrained crystal is designated 
by the small circle (0) at the center of 
the projection. The axes determined 
at the front and back side of the speci- 
men after bending are represented by 
the triangle (W) and cross (+) respec- 
tively. Thus the movement of the speci- 
men axis relative to the axis of the 
unstrained crystal was observed. 

For a single crystal subjected to ten- 
sile loading, the lattice rotation takes 
place in such a way that the slip direc- 
tion gradually approaches the stress 
axis. For compression, the slip plane 
rotates toward a position parallel to 
the plane of compression. In the case 
of f.c.c. metals, the specimen axis dur- 
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FIG 4—A xis rotations of bending specimens. 


(A) tension side and (+) compression side. 


ing simple slip moves toward [110] and 
[111] for tensile and compressive 
stresses, respectively, whereas in du- 
plex slip the end positions are [112] 
and [110] for tension and compression 
respectively.!4:!5 Referring to Fig 4, it 
can be seen that when aluminum crys- 
tals were subjected to bending stress, 
the stress axis on the tension side of all 
specimens appeared to follow generally 
the Taylor and Elam rotation!‘ toward 
the active slip direction. However, in 
the compression side, the change of 
orientation deviated from the path 
toward the (111) pole to a certain 
extent. In specimens A-10 and A-11, 
the axis on the compression side ap- 
peared to rotate toward a (110) pole 
instead of the (111) pole. This deviation 
could be ascribed to the restriction of 
flow in bending and possibly the pres- 
ence of a secondary slip system. 


Mierographic Observations 


Round specimens A-2, A-3, A-4, and 
A-5 were prepared by polishing and 
deep-etching. It was noted that both 
the interlineage boundaries and a 
slight cored structure, similar to that 
in copper crystals observed by Hib- 
bard,1® were developed. However, the 


interdendritic spacing of the cored 
structure was considerably smaller 
than that of copper. A considerable 
number of slip lines were observed on 
the front and back surfaces even at 
very low deflection. The slip lines 
were localized in character but were 
gradually propagated toward the neu- 
tral plane as the load increased. The 
density of the lines also increased with 
an increase of load, but approached a 
constant value of approximately 1200 
per inch at higher deformation. The 
lines generally appeared fairly equally 
spaced but slightly wavy in appearance. 

Flat specimens A-10, A-11, and A-12 
were prepared by mechanical polishing 
followed by the electrolytic polishing. 
Fig 5 and 6 show two photographs of 
specimen A-10 after a total deflection of 
0.554 in. It was found that the surface 
markings on the top surface started at 
the edges of the specimen and moved 
toward the neutral plane with an in- 
crease in deformation. The density of 
lines increased with the degree of de- 
formation but decreased as they ap- 
proached the neutral plane. Con- 
siderable shift of the neutral axis 
toward the compression side was ob- 
served at higher deformation. This can 
be ascribed to the difference in speci- 
men thickness between the tension and 
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compression sides caused by plastic 
flow and the resulting change in the 
stress distribution. ; 

At first glance, no marked difference 
in the microscopic appearance of the 
markings on the tension and compres- 
sion sides was observable at a magnifi- 
cation of 100 <. However the micro- 
structures at high magnification ex- 
hibit a rather distinctive aspect shown 
in Fig 7 and 8. Parallel narrow dark 
lines could be resolved on the tension 
side, but poorly defined light-colored 
bands with considerable width were 
observed on the compression side. 

The development of markings on the 
front surface of these specimens started 
with equally spaced parallel lines (see 
Fig 9). The density of lines increased 
two fold as the deflection increased 
from 80.5 to 250.0 thousandths of an 
inch. Another set of markings inclined 
45° to the specimen axis then appeared 
during further bending. The 45° lines 
appeared discontinuous in nature and 
were displaced where they met the 
vertical ones (see Fig 10). It was found 
that the lines inclined at 45° were the 
expected octahedral traces, whereas the 
vertical ones were thought to be cubic 
traces at-an early stage of the investi- 
gation. In Fig 11 the crystal orientation 
of specimen A-10 is plotted on a 
stereographic projection with the pole 
of the front surface located at the 
center of the primitive circle. The 
traces of the markings on both the 
front and the top surfaces are sketched 
in the upper-left corner of the drawing. 
The loci of the poles of traces Top-I 
and Front-I intersect at a pole of an 
octahedral plane which was found to 
be the primary operative slip-plane 
having the maximum value of resolved 
shear stress. Trace Front-III was found 
only with slight oblique illumination at 
low magnification. (See Fig 6.) It ap- 
pears as a band-like structure which 
makes an angle of about 90° with the 
octahedral traces. This band-like struc- 
ture could not be resolved at higher 
magnification and may be regarded as 
evidence of a type of rotation of crys- 
-tallites about an axis normal to 
the slip plane described by previous 
investigators. 1718 

The trace Front II, which made an 
angle of about 90° with the specimen 
axis, was a somewhat confusing one. 
Referring back to Fig 11, the most 
probable plane in the zone of the axis 
is a cubic or a (100) plane. Since cubic 
slip does occur in aluminum at high 
temperatures, it led to the possibility 
that the cubic plane might slip under a 
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FIG 5—Specimen A-10. Top surface after 0.554 in. deflection. 4 See 


FIG 6—Specimen A-10. Front surface after 0.554 in. deflection. 4 X. 


FIG 7—Specimen A-10. Surface Top-T after 


0.250 in. deflection. 1000 x. 


FIG 8—Specimen A-10. Surface Top-C after 0.250 
in. deflection. 1000 X. 


rather complicated stress introduced 
by bending. Similar results were also 
found in specimens A-11 and A-12. The 
orientation of specimen A-11 is shown 


in Fig 12. By further study of specimen 
A-11 vertical traces Front II and Top I 
were established as continuous traces 
from the same plane. Referring to Fig 
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12, the pole of these two vertical traces 
Front IJ and Top I must be in the 
neighborhood of the specimen axis, but 
no significant plane could be found in 
that region of the projection. It ap- 
pears therefore, that a possible explana- 
tion is that these lines are strain 
markings or cracks in the anodic coat- 
ing left from electrolytic polishing. 
Further experiments on the specimens 
prepared by mechanical polishing and 
etching substantiate this finding. 
When the specimens A-10 and A-12 
were subjected to bending with a de- 
flection of a tenth of an inch, a second 
set of slip markings (Top Trace II) was 
revealed at the Top-C surface of the 
specimens. From the analysis of the 
surface markings shown by Fig 11, it 
can be seen that these were the traces 
of a secondary octahedral plane. This 
was found to be in the (111) plane 
which had the second highest resolved 
shear stress among the twelve (111) 
{110] systems. The early occurrence of 
the secondary slip system may be 
ascribed to the restriction of flow at the 
compression side which varies from 
the condition for a crystal under pure 
compression and thus forces the sec- 
ondary system into operation. Re- 
ferring back to the projections showing 
lattice rotation, Fig 4, it can be seen 
that the rotation on the compression 
side is different from that in uniaxial 
loading in that the specimen axis was 
rotated toward the (110) direction and 
not toward the pole of the slip plane as 
in pure compression. This appeared to 
collaborate the microscopic observation 
of double slip since it is known that the 
[110] direction is usually the end posi- 
tion of the duplex slip for face-centered 


FIG 9—Specimen A-10. Front surface after 0.081 
in. deflection. 500 x. 
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FIG 11—Stereographic profection of specimen A-10 after 0.554 in. deflec- 
tion with front surface parallel to the plane of the projection. 


cubic crystals under compression. 

In order to eliminate the uncertainty 
in the surface condition introduced by 
electrolytic polishing, specimens A-13, 
A-14, and A-15 were subjected only to 
mechanical polishing with fine alumina 
followed by etching with diulte HF 
solution. No appreciable difference was 
noticed in microscopic appearance of 
surface markings at low magnification 
between specimens with or without 
electrolytic polishing. The band-like 
structure found in specimen A-15 was 
comparable to that in Fig 6 of specimen 
A-10. In addition, a similar type of 
band structure both parallel and per- 


pendicular to the traces of the operative 
slip plane of specimen A-13 was found. 

However, at high magnification only 
traces of the theoretically predicted 
octahedral plane were observed. Except 
at Top-C surface of specimen A-13, a 
secondary set of slip markings was 
found to be the traces of the octa- 
hedral plane having the second highest 
resolved shear stress among all twelve 
possible slip systems. The slip markings 
generally appeared to be fairly straight 
and equally spaced. It was found, how- 
ever, in the neighborhood of the region 
where the slip direction intersected the 
specimen surface that the markings ap- 


FIG_10—Specimen A-10. Front surface after 0.554 
in. deflection. 1000 x, 
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FIG 12—Stereographic projection of specimen A-11 after 0.300 in. deflec- 
tion with front surface parallel to the plane of the projection. 


peared to be either step-like or dis- 
continuous in nature. Fig 13 shows 
slip markings on the Top-T surface and 
front surface of specimen A-15. The 
markings appeared to be straight and 
had an average distance between them 
of from 5 to 10 microns. The closest 
approach distance. was in the order of 
one micron. Fig 14 shows slip markings 
on the front surface of specimen 
A-13 at X 1000 magnification. The pic- 
tures were taken on the surface where 
it is intersected by the direction of 
slip. The short step-like markings ap- 
peared not to follow any definite crys- 


FIG 13—Specimen A-15. Top-T surface after 0.389 in. 
deflection. 1000 X. 
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tallographic angle as reported in alpha 
brass.1!° This may be due to the more 
complicated stress condition in bending 
where these steps were probably too 
small to be identified with any particu- 
lar planes. Similar results were also 
found in specimen A-15 on the Top-T 
surface where it was intersected by the 
direction of slip (Fig~13). Regions 
showing the discontinuity of markings 
were also observed in both specimens 
A-13 and A-15. These markings were 
similar to those reported by Crussard”® 
in aluminum crystals as well as by 
Andrade?! in deformed lead crystals. 


They generally lost their width ac- 
companied by a great decrease in their 
intensities as they passed each other. 
It is also interesting to note that the 
phenomenon of bending of the glide- 
lamellae did take place in specimen 
A-15 as shown in the upper edge of 
Fig 13. 

Slip markings of specimen A-15 
under oblique illumination are shown 
in Fig 15, and appear to be dark and 
light bands on the tension and com- 
pression sides respectively. The regions 
free from any resolvable slip markings 
are close to the neutral plane, at which 
the stress should be theoretically zero. 
The density of the markings on both 
sides increased from the inside outward 
and gradually approached a constant 
value at the edges of the specimen. 


Asterism 


When a crystal is deformed by uni- 
axial loading, distortion generally oc- 
curs by rotation of the crystallites 
about an axis lying in the slip plane 
normal to the slip direction. This type 
of rotation was more or less confirmed 
by analysis of the Laue spots obtained 
from deformed crystals.?-> Recently it 
was found that in addition there is also 
a relocation of glide-lamellae by a 
twisting distortion around the polar 
axis of the slip plane.!7!8 However, in 
the present investigation, the asterism 
of Laue spots in the X ray photograms 
did not appear to follow either of these 
types of distortion. The change of the 
Laue spots always exhibited the same 


FIG 14—Specimen A-13. Front surface after 0.300 in. 


deflection. 1000 x. 
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pattern regardless of the initial orienta- 
tion or the orientation of the operative 
slip plane with respect to the stress 
axis. In general, the Laue spots on the 
photograms taken from the Front sur- 
face were elongated in the direction 
parallel to the specimen axis, whereas 
those from the Back surface were dis- 
torted so as to become elongated in 
the direction 90° to the former ones. 
However, no appreciable change in the 
shape of Laue spots on either the Top-T 
or Top-C surface was noticeable. 

Fig 16 shows the change in shape of 
Laue spots on the Front surface of 
specimen A-10 with an increase in de- 
flection. It can be seen that the elonga- 
tion of spots did not occur until the 
specimen was subjected to bending far 
beyond the elastic range. This may be 
regarded as evidence in favor of the 
idea that asterism does not indicate the 
existence of elastic strain, but rather 
plastic deformation resulting from 
bending. 

Fig 17 shows the types of Laue spots 
obtained from the Front, Top-T and 
Back surfaces of two other crystals, 
A-11 and A-15, with different initial 
orientations. It is apparent that all the 
specimens exhibited the same type of 
distortion as far as the nature of the 
asterism is concerned. It appears that 
the axis of rotation causing the asterism 
on the tension side is in vertical direc- 
tion while that on the compression side 


FIG 16—Laue photograms of specimen A-10 
amounts of deflection as indicated. 
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FIG 15—Slip markings on the top surface 
of specimen A-15 near the neutral plane. 
The dark markings are near the tension side 
and the white ones are near the compression 
side. 50 X. 


Reduced one-half in reproduction. 


is horizontal. The fact of no appreciable 
change of Laue spots from the top sur- 
face of the specimen further confirms 
these rotation axes. 

Furthermore, it was also found that 
in specimens A-12 and A-13 the Laue 
spots were not only elongated but also 
divided into small individual areas as 
shown in Fig 18 and 19. The traces of 
the active slip plane are indicated in 


after various 


the left corner of the photogram. It can 
be seen that the fragments of the spots 
appear to be aligned in a_ specific 
pattern, divided into two groups, one 
roughly parallel to the traces and the 
other normal to it. This break-up of 
the Laue spots in deformed crystals 
after annealing was observed by Collins 
and Mathewson!’ in aluminum and by 
Andrade and Tsien”? in potassium and 
sodium. Very recently, Cahn’ in a 
study of bent zinc crystals suggested 
“the deformation leads to elastic bend- 
ing of glide-lamellae: when the crystal 
is annealed, the lamellae undergo 
‘polygonization.’ The orientation of 
each new grain is the same as that of 
the part of the original crystal from 
which it. grew but the elastic strain 
has vanished.’’ In addition, the break- 
up of the Laue spots was also reported 
even in deformed aluminum crystals 
by Crussard.2° It appears that the 
discrete asterisms in specimens A-12 
and A-13 may be rationalized as a 
process of fragmentation occurring dur- 
ing deformation at room temperature. 
In Fig 18 and 21, the fragments of the 
Laue spots parallel to the traces of the 
operative slip plane as shown at left- 
upper corner may be regarded as a ro- 
tation of crystallites about an axis 
parallel to the slip plane. The frag- 
ments oriented normal to the traces 
may be rationalized as a break-up of 
crystallites due to the torsional rota- 


FIG 17—Laue photograms of specimens A-11 and A-15 after 
deflections of 0.300 and 0.266 in., respectively. 


Reduced approximately one-third in reproductions 
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tion around the pole of the slip 
plane.'73 The latter was reported re- 
cently by Heidenreich and Shockley!® 
from a study of Laue spots and 
Kikuchi lines produced on electron dif- 
fraction patterns of extended aluminum 
crystals. 


Load-deflection Diagrams 


The load-deflection curves for alumi- 
num crystals under bending were 
found to resemble the load-elongation 
curves reported for the crystals under 
tension. A definite yield point at a 
total load of several pounds was usu- 
ally observed. The curve then gradually 
flattened with an increase in deflection. 
The load-deflection curves for flat 
specimens were quite consistent with 
each other. The yield point was in the 
neighborhood of 3 lb which resulted in a 
normal stress on the extreme surface of 
the specimen of about 1150 psi with a 
corresponding resolved shear stress in 
the neighborhood of 500 psi. Fig 20 
shows the data recorded for specimens 
A-10, A-12, and A-14 having different 
initial orientations. The yield point and 
the rate of strain-hardening indicated 
by the load-deflection curves did not 
appear to vary significantly for differ- 
ent orientations. This agrees with the 
results of shear tests in aluminum 
crystals reported by Burgers and Leb- 
bink.?4 They stated that slip in alumi- 
num crystals deformed in shear may be 
found along lattice planes and direc- 
tions differing from the usual slip 
system, (111) [110], and no appreciable 
variation on the shear stress required 
for different combinations of planes 
and directions was observed. 


Flow-pattern in Bending 


In order to understand the unique 
characteristics of flow in bending, two 
~ auxiliary experiments were performed. 
The first one was made on a study of 
the stress distribution pattern over the 
surface of a specimen by means of the 
commercial Stresscoat manufactured 
by Magnaflux Corporation, Chicago, 
Ill. It was found that the pattern pro- 
duced by Stresscoat was practically 
the same as that found on specimens 
A-10 and A-11 prepared electrolytically 
and thus having an oxide coating. This 
may be regarded as confirmation that 
the anomalies in the surface markings 
of the electrolytically polished speci- 
mens resulted from surface cracks or 
strain markings in the anodic coating. 
It is believed that the major axis of 
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FIG 18—Laue photogram of specimen A-12, Top-T surface, after 0.510 in. deflec- 


tion. 


2x 


Reduced approximately one-third in reproduction. 


the strain ellipsoid on the tension side 
lay parallel to the specimen axis 
whereas that on the compression side 
was normal to it. A similar analysis was 
also reported by Yamaguchi and 
Tagino2® who found that fissures pro- 
duced in a thin oxide layer during creep 


tests were oriented in the direction per- 
pendicular to the major axis of the 
strain ellipsoid on the tensile specimen. 

The second auxiliary experiment was 
the study of the flow pattern of bent 
specimens made of paraffin. The speci- 
mens were cast in a metallic mold hay- 


FIG 19—Laue photogram of specimen A-13, front surface, after 0.300 in. deflection. 2 X. 


Reduced one-third in reproduction. 


Metals Transactions, Vol. 185... 717 


| 


OOO 


0.0.0.0, 4, 
RRR KR KOR BACK 


FIG 21—Schematic diagrams of flow patterns on bent wax specimens W-1 and,W-2. 


ing a rectangular cross-section of ap- 
proximately 14 by \% in. Two sets of 
cross-lines, one at an angle of 0° and 
90° and the other at 45° with the axis 
of the specimen, were carefully drawn 
on the various surfaces of specimens 
W-1 and W-2. The specimens were 
then bent, after being warmed slight- 
ly on a gas flame, to a deflection 
of about 34 in. The originally square 
grid was distorted to a greater or less 
extent at the various positions of the 
specimen as shown schematically in 
Fig 21. The arrows indicate the direc- 
tion of flow derived from the flow 


pattern on the paraffin specimens W-1 
and W-2. 


Mechanism of Deformation 
by Bending 


A most significant characteristic of 
the process of plastic deformation by 
bending is that slip does not occur 
across the entire crystal but is re- 
stricted to a limited area. Slip markings 
appear to progress from the higher 
stressed toward the lower stressed re- 
gion, gradually losing both intensity 


SPECIMEN DEFLECTION (IN X 1079) 


FIG 20—Load-deflection diagram of flat specimens A-10, A-13, and A-14. 
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and width as the stress diminishes. 
The development of slip markings was 
found to consist of two different stages. 
At first a band-like structure was 
readily seen by unaided visual examina- 
tion, then distinct slip markings ap- 
peared in the bands. These well-defined 
markings progressed toward a lower 
stress region with an increasing de- 
formation. The line density was in- 
creased by the formation of new 
markings which appeared between the 
old ones under further loading. It is 
believed that the slip process in bend- 
ing consists of an elastic bending fol- 
lowed by a plastic distortion, probably 
similar to the fragmentation proc- 
esses described by Mark, Polanyi 
and Schmid,! Burgers* and others.?:*° 
A schematic diagram of the distortion 
in two adjacent glide-lamellae under 
different stress conditions is shown in 
Fig 22. If the two undistorted glide- 
lamellae, shown in Fig 22A, were 
subjected to a pure shear, the lamellae 
would be deformed as illustrated in 
Fig 22B. Based upon this mechanism, 
the shear stress is about a thousand 
times larger than the observed critical 
shearing stress. However, it was found 
in this investigation that macroscopic 
bending of glide-lamellae did occur so 
that the stress distribution on the 
entire slip plane would be different 
from that produced by pure shear. 
This is shown schematically in Fig 
22 C, D and E, that is, elastic bending, 
bending and plastic shear, and bending 
and fragmentation. It can be seen that 
under such conditions the slip process 
is composed of the successive glidings 
of a group of atoms at a time. The 
external force required to produce such 
a slip should be much less than the 
value required for an entire plane as a 
unit. The shear strain at the left end 
of the bending lamellae (Fig 22 C, D, 
and E) is practically equal to zero and 
increases gradually to a maximum 
value at the right end. 

Furthermore, it is noteworthy that 
this mechanism of bending of glide- 
lamellae can be employed to interpret 
satisfactorily the asterism on Laue 
photograms of deformed aluminum 
crystals reported by Yamaguchi.? These 
results were criticized by Komar and 
Machalov® who suggested that the 
bending of the glide-lamellae is macro- 
scopic rather than microscopic. They 
found that the length of the asterism 
on the Laue photograms of extended 
magnesium crystals decreased as the 
surface of the crystal was etched off 
successively. However, referring to the 
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mechanism of bending described in this 
paper, the phenomena of a decrease in 
the length of asterism as the outer 
layers of the crystal are removed by 
etching would be adequately explained, 
since the bending in the material be- 
tween slip markings approaches a maxi- 
mum at the outermost layer of the 
specimen and a greater distortion in 
Laue spots on X ray photograms would 
be expected there. 


Flow Characteristics in 
Bending 


Two different types of flow were ob- 
served on the tension and compression 
sides of the bent specimens. It ap- 
peared that the crystal acted as if it 
were divided into two parts separated 
by the neutral plane. The tension and 
compression sides experienced unusual 
types of axial loading where the flow of 
metal was restricted in a direction 
perpendicular to the neutral plane. 
There a stress-gradient existed such 
that the maximum stress occurred at 
the outermost layer of both the tension 
and compression sides and diminished 
gradually in the direction of the neutral 
plane. Thus the flow direction on the 
tension side was along the specimen 
axis whereas that on the compression 
side was in the direction roughly per- 
pendicular to the top surface. It was 
found that the rectangular cross-sec- 
tion of all flat specimens became 
approximately trapezoidal during de- 
formation, in good agreement with the 
characteristics of flow in a bent crystal 
as discussed above. The ideal flow 
characteristics in bending may be 
represented by the schematic diagram 
shown in Fig 23. The arrows illustrate 
the variation of strain introduced by 
the stress-gradient in a bent crystal. 
Sections of the undeformed crystal, 
shown by the dotted line, will gradually 
deform to those contours indicated by 
the solid lines during bending. Based 
upon this picture, the asterism on Laue 
photograms of a bent crystal-may be 
interpreted as on overall bending of 

_erystallites resulting from the process 
of fragmentation. Since the flow in 
bending is restricted in certain direc- 
tions, the crystallites could not follow 
the type of rotation found in uniaxial 
loading. Instead of the usual type of 
rotation about an axis lying in the slip 
plane normal to the slip direction, the 
different shapes of Laue spots seem to 
indicate that the crystallites were bent 
about an axis in the slip plane and per- 
pendicular to the direction of flow. 
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FIG 22—Schematic diagrams of slip mech- 


anism. 


(A) Undeformed, (B) Pure shear, (C) Elastic 
bending, (D) Bending and plastic shear and 
(E) Bending and fragmentation. 


Summary 


1. When an aluminum crystal is sub- 
jected to a bending stress, the major 
operative slip system is the same as for 
uniaxial loading. That is to say, the 
slip occurs on the octahedral plane 
which has the maximum resolved shear 
stress given by the equation S, =|S, 
cosA sin x, where S, is the normal stress 
calculated by the simple beam formula. 

2. The change of orientation on the 
tension and compression sides of a crys- 
tal during bending resembles closely 
that of two separate crystals deforming 
under tension and compression loading 
respectively. In general they appear to 
follow the Taylor and Elam rotation, 
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FIG 23—Schematic diagram of character- 
istics of flow in bending. 


that is, the stress axis rotates toward a 
[110] slip direction on the tension side 
and toward (111), the pole of active 
slip plane, on the compression side. 
However, a certain amount of deviation 
was observed. This may be due to the 
complication introduced by the restric- 
tion of flow during bending and conse- 
quently requiring the early operation of 
a secondary slip system. 

3. The anomalous surface markings 
on the electrolytically polished speci- 
mens may be attributed to the strain- 
markings or cracks on the anodic coat- 
ing of the surface layer. It was found 
that these markings were analogous to 
the cracks produced on a deformed 
specimen treated with Stresscoat. The 
absence of these markings on mechani- 
cally polished and etched specimens fur- 
ther substantiated this interpretation. 

“Cross-slip”’ or the step-like ap- 
pearance of slip lines was observed on 
specimen surfaces intersected by the 
slip direction. However, no definite 
cross-slip plane could be identified. This 
may be due to the complicated stress 
distribution in the bending where these 
steps might be too small to permit the 
resolution of a particular plane. 

5. The phenomena of slip over local 
regions of the specimen was noticeable 
in all the bending specimens. The 
growth of slip markings appears to 
undergo a process such that the slip 
markings occur initially at a higher 
stress region and move toward a lower 
stressed matrix, gradually losing both 
their intensity and width as the stress 
diminishes. The macroscopic bending 
of glide lamellae was also found. 

6. From the study of the flow char- 
acteristics and the Laue spots on the 
X ray photograms of various bent 
specimens, it was found that the cause 
of subdividing of spots may be re- 
garded as a result of crystallite frag- 
mentation. The fragmentation appeared 
to take place by rotating the crystal- 
lites in the glide lamellae about an axis 
normal to the slip plane in addition to 
the usual type of bending about an axis 
lying in the slip plane perpendicular 
to the direction of slip. Following the 
rotation of crystallites, the elongation 
or asterism of Laue spots may be 
rationalized as an overall bending 
taking place about an axis in the slip 
plane and normal to the direction of 
flow. 
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High Temperature Scaling of Cobalt* 


CHARLEY R. JOHNS} and WILLIAM MARSH BALDWIN, JR.,t Junior Member AIME 


Introduction 


Cobalt is reported!? to scale in 
accordance with the Pilling and Bed- 
worth? parabolic law: 


OP SG: [1] 


where w = weight increase per unit 
surface area 
K = constant 
t = time 

The reported values of the parabolic 
oxidation constant, K, in the tem- 
perature range 600 to 1100°C follow 
an Arrhenius type of equation as 
inspection of Fig 1 shows. According 
to Valensi’s theory® on the scaling of 
metals where multiple-layered scales 
(for example, MeX, MeX,, and others) 
are possible, this fact could be con- 
strued as indicating that a single oxide 
only is formed on cobalt im this tem- 
perature range. Since the single straight 
line extends above 920°C where only 
CoO is stable in air (see Fig 2) it might 
be inferred that this is the only oxide 
formed on scaling. 

Arkharov and Voroshilova!® have 
studied the scales formed when cobalt 
is heated in air in the temperature 
range 385 to 800°C and report that 
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CoO is indeed found in the scale but 
that Co,O, is also found as an overlay 
and in increasing amounts in the lower 
temperature ranges. No quantitative 
data regarding the relative proportions 
of the two oxides were reported. Again 
in the light of Valensi’s theory this 
would indicate that the straight line in 
Fig 1 would be expected to undergo 
an inflection at some point in the 
temperature range 385 to 800°C. 
Chauvenet? has studied the oxi- 
dation rates of CoO to Co,O,4 and 
has found this reaction to proceed 
parabolically with time but reports 
parabolic scaling rates which are 


These authors also state that a thin exterior 
veneer of Co20 may have formed also but was 
too thin to identify with X rays. In view of the 
instability of Co203 in air above 400°C (see Fig 2) 
this is unlikely. 


Technical Note No. 24 E. Manu- 
script received June 21, 1949. 

* Abstracted from a_ thesis sub- 
mitted by C. R. Johns to the Depart- 
ment of Metallurgical Engineering, 
Case Institute of Technology, in 
partial fulfillment of the degree 


of Master of Science in Physical 


Metallurgy. 

+ Production Metallurgist, Thomp- 
son Products, Inc. 

{ Research Professor, Case Institute 
of Technology. 

1 References are at the end of th 
note. : 


considerably (about ten times) larger 
than the scaling rates of cobalt metal 
itself. 

This is difficult to explain in terms 
of Valensi’s theory although a full 
discussion of the possible discrepancy 
cannot be made in view of the lack of 
sufficient data. 

These points made an investigation 
of the scaling behavior of cobalt in 
air an attractive study. 


Discussion of Results 


Relatively large (approximately*® 95 
sq cm of surface area) samples of 0.020 
in. thick electrolytic “cobalt strip,* 
sanded with 2/0 paper, were heated in 
air in a cyclone type furnace. The 
samples were weighed before and after 
the scaling treatment. The weight 
increases so observed obeyed the 
Pilling and Bedworth parabolic law 
at all temperatures studied. The para- 
bolic scaling constants when plotted 
on a logarithmic scale as a function of 
absolute temperature are reproduced 


* Supplied through the kindness of Dr. O. C. 
Ralston, Acting Chief of the Bureau of Mines, 
Metallurgical Div., Washington, D. C. A quali- 
tative spectographic analysis showed only traces 
of nickel, copper, cadmium, iron, magnesium, 
chromium and manganese. 
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in Fig 1. Here it may be seen that in 
the higher temperature ranges the 
present data coincide quite well with 
the previously reported data. There 
is, however, a definite inflection in the 
data at around 625°C, the data for 
the temperature range below this 
point showing a slope that is roughly 
6 that of the straight line drawn 
through the data above this point. 
This inflection would be expected on 
the basis of the reasoning presented 
above. If the straight line in the lower 
temperature range is due to the 
exclusive formation of Co30,4, the oxi- 
dation rate of CoO to Co30, in this 
temperature range should follow a 
straight line parallel to the lower 
branch of the cobalt curve and lying 
at a value 14 that of the aforemen- 
tioned lower branch. This is, of course, 
at complete variance with the experi- 
mental results of Chauvenet on the 
oxidation of CoO and illustrates in 
quantitative terms how her data can- 
not be reconciled with the requirements 
of Valensi’s theory. In an attempt to 
resolve this discrepancy, samples of 
cobalt were oxidized to CoO at tem- 
peratures above which none of the 
other oxides is stable thermodynamic- 
~ ally (around 920°C) and then sub- 
sequently oxidized in the temperature 
range in which Co;0, was _ stable. 
These results are entered in Fig 1. In 
the present case the data parallel 
those of Chauvenet’s (and incidentally, 
the scaling data for straight cobalt 
in the temperature range above 625°C) 
but do not behave in accordance with 
Valensi’s theory. It must be admitted 
that the present data are of the proper 
order of magnitude to fit Valensi’s 
requirements, and it may be that 
experimental errors prevent the data 
from exactly duplicating the values 
required by his theory, but for the 
present we must regard the case of 
the scaling of cobalt in air as being 
still unsettled. 

An internal check on the data and 
on Valensi’s theory could have been ob- 
tained if the proportions of CoO and 
Co30, in the scale could have been de- 
termined quantitatively in the tem- 
perature ranges between 500 and 
800°C, but the absolute thickness of the 
scales formed in this temperature range 
are extremely small compared with 
other metals in which such quantitative 
determinations have been made (for 
instance, copper,° iron!) indicating the 
necessity of developing special tech- 
niques for such determinations. 
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FIG 1—Relationship between the parabolic scaling constant 
for cobalt and CoO and temperature. 


: 


1 
AWOTIAL FYIESSOUIE CF 
IPE CLN LY NOP * SSS OWA AE. 


: 


y 


SOF UIE CLV OTL SSLALE ~OR AE. 


7 


pee 


OP Jet L£¢t« «az a. 


2, BD QD “Sle, Z| 
ir tae eee) +—_+— 0 


| | 
SWATAMAEL (8) | i / 


600 YQ, + 2lo, G 
LOIP? OL ODTE E LAIN (7) 


OMLBANE F MOBS (YQ) 


49 S7 £6 AS SP KP fe 7 70 og é 7 


f~rO 


FIG 2—Dissociation pressures of various cobalt oxides 
as a function of reciprocal absolute temperature. 
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Stages in the Deformation 
of Monel Metal as Shown 
by Polarized Light 
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D. H. WOODARD,* Associate Member AIME 


Introduction 


One of the principal uses of polarized 
light in metallurgy is to show the 
granular structure of metals by con- 
trasting reflections. This use is confined 
largely to anisotropic metals, such as 
beryllium, tin, magnesium, and the 
like.t Recently, Hone and Pearson? 
have extended the use of polarized 
light to include the isotropic metal 
aluminum. This was made possible by 
the formation of an anodic film that 
was optically anisotropic and that had 
a fixed and reproducible structural 
relationship to the grains in the sub- 
strata. With their method, it was possi- 
ble to indicate localized textures in 
annealed aluminum sheet. In the course 
of an investigation of plastic deforma- 
tion at the National Bureau of Stand- 
ards, it was found that the isotropic 
single phase alloy Monel could be made 
optically anisotropic by treatment with 
the usual Monel contrast etchant. 
Experiments soon showed that dif- 
ferences in orientation could be de- 
tected easily. 

Previous investigations involving the 
use of polarized light have been re- 
stricted to annealed metals. In this 
paper it will be shown that inhomo- 
geneous plastic deformation which 
results in lattice bending and develop- 
ment of deformation bands experienced 
by individual grains in polycrystalline 
Monel, is revealed in the microstruc- 
ture. This interpretation of the micro- 
structure was confirmed by a study of 
slip lines formed after prior plastic 
strain. 


Materials and Procedure 


The material used was Monel, the 
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chemical composition of which was 
C—0.17 pct, Mn—1.28 pct, Fe—1.61 
pet, S—0.009 pct, Si—0.17 pct, Cu— 
30.70 pet, Ni—66.04 pct. The material 
was divided into 2 lots which were 
treated as follows: Lot A was heated at 
1700°F for 3 hr to produce a fully 
annealed, coarse grained structure. 
Lot B was heated at 1400°F for 1 hr to 
produce a close approximation of a 
fully annealed structure without ap- 
preciable increase in the grain size of 
the original material. After each of 
these heat treatments the material 
was cooled in air. 

Samples for metallographic examina- 
tion were cut from tensile and com- 
pression test specimens and were 
prepared by grinding on lead-tin laps, 
followed by electrolytic polishing. t 
Etching and the development of ridges 
were avoided by keeping the voltage 
above 3.8 and by preventing contami- 
nation of the polishing solution with 
water. 

Monel, when polished and treated 
with most etchants, is optically iso- 
tropic. However, when given a light 
etch for about 4 sec with the Monel 
contrast solution{ the surface of the 
metal becomes optically active. The 
microstructure when observed under 


{ The electrolyte was a solution of nitric acid— 
1 part, methyl alcohol—2 parts. 

t The etchant used consisted of chromic acid— 
3g, nitric acid (conc.)—10 cc, ammonium 
chloride—5 g, water—90 cc. 
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(2 copies) may be sent to Transactions 
AIME before December 1, 1949. Dis- 
cussion is tentatively scheduled for 
publication in May 1950. 

Manuscript received May 2, 1949; 
revision received July 11, 1949. 
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tional Bureau of Standards. 


1 References are at the end of the 
paper. 


FIG 1—Appearance of the same area 
of plastically deformed Monel metal B 
under (a) (above) polarized light and (6) 


(below) ordinary light. 
X 750. Reduced one half in reproduction. 


crossed nicols* appears different from 
that viewed by ordinary light. This is 
shown by a comparison of micrographs 
made of the same area of a plastically 
deformed specimen using polarized 
light (Fig la) and white light (Fig 1b). 

If Monel, which has been lightly 
treated with the contrast etchant, is 
slightly deformed by compression, rec- 
tangular figures are apparent over the 
specimen. However, within too short a 
period to be photographed, these rec- 
tangles become circular, probably be- 
cause of surface tension effects within 
the etched film. The two observations, 


* The expression ‘crossed nicols”’ employed in 
this paper conforms to the usages of optical 
crystallography. It does not mean that Nicol 
prisms are employed but merely that polarizing 
elements in the incident and reflected beams are 
crossed with respect to each other. The less ex- 
plicit term ‘polarized light”’ is used in places 
where no ambiguity would result. 
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the rectangular figures becoming circu- 
lar and the failure of the unetched 
surfaces to reflect polarized light, sug- 
gest that the Monel contrast etchant 
forms a film which is anisotropic. 

Unless otherwise specified, all micro- 
graphs were made on a Bausch and 
Lomb Metallographic Research Micro- 
scope, equipped with a Foster vertical 
illuminator prism? which acts also as 
polarizer and analyzer fixed in the 
crossed position. Measurements of the 
intensity of the reflected resolved 
polarized light were made at the bel- 
lows eyepiece with a specially con- 
structed photometer, which consisted 
essentially of a photo-multiplier tube, 
RCA-931, a bank of dry cells arranged 
to have 90 volts across each dynode, 
and a microammeter. As the current 
coming from this photo-multiplier is 
proportional to the intensity of the 
incident light, all light intensity values 
are expressed in microamperes. 


Differences in Orientation 
Shown by Polarized Light 


ANNEALED MONEL 


It has been shown by many investi- 
gators that the orientation of fully an- 
nealed single phase alloys is uniform 


FIG 2—Variations in intensity patterns after successive 
rotations with respect to the plane of polarization, as indicated, 


of a specimen of annealed Monel metal A. — 
> 250. Reduced one half in reproduction. 
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from point to point in individual 
grains and that the orientation varies 
from grain to grain in a more or less 
random manner. For fully annealed 
Monel, the intensity of the reflected 
polarized light is uniform over the en- 
tire area of each individual grain as 
illustrated by the micrographs of Fig 
2. It should be noted, however, that in 
the case of Monel, the annealing must 
be complete and grain growth started 
before uniform reflection, that is, uni- 
form orientation over individual grains, 
is obtained 

The micrographs in Fig 2 show that 
each grain undergoes a half cycle of 
intensity from maximum to minimum 
for a 45° rotation of the plane of 
polarization, although the angle for 
maximum reflection varies from one 
grain to the next. It was noted that the 
difference in intensity between the 
maximum and the minimum of the re- 
flected light may vary from one grain 
to another. It is, therefore, possible for 
two grains to be at different stages in 
their 90° cycle and yet reflect light 
with the same intensity. While the 
same intensity for different grains may 
mean different orientations, it is obvi- 
ous that for any fixed direction of the 
planes of polarization, a difference in 
intensity must mean a difference in 
orientation. It is on this basis that 


polarized light is used in this study of 
plastic deformation. 


INDIVIDUAL GRAINS IN 
PLASTICALLY DEFORMED MONEL 


Fig 3 shows the microstructure of 
Monel after extensions of 2, 14, 30, and 
38 pct, when deformed at a rate of 214 
pet every 5 min. These micrographs, 
like others photographed under crossed 
nicols, are referred to as intensity pat- 
terns because the areas of extinction 
can be changed to areas of brightness 
or vice versa, although the outlines in 
the pattern remain the same. Obvi- 
ously, plastic deformation has caused 
nonuniform reflections from individual 
grains. If differences in intensity denote 
differences in orientation, then it fol- 
lows that plastic deformation has 
caused inhomogeneous distortions in 
the lattice structure. This is in agree- 
ment with results obtained by Barrett 
and Levenson‘ who showed, by means 
of X rays and etch pits, that plastic 
deformation caused areas of nonuni- 
form orientation over the individual 
grains. After a study of the intensity 
patterns shown in Fig 3 and other simi- 
lar patterns, it was possible to classify 
the nonuniformities of reflection into 
four types shown by grains A, B, C, 
and D. These will be discussed under 
Results. 


FIG 3—Variations in intensity patterns within individual 
grains in Monel metal B after plastic deformation in tension 


as indicated. are : 
The axis of tension is in the vertical direction for all specimens. 
X 750. Reduced one half in reproduction 
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FIG 4—Effect of plastic deformation and angular rotation of crossed nicols on the overall 


intensity of light reflected from Monel metal B. 
Curves A, B, C, D, and E represent specimens extended 0, 14, 33, and 38 pct respectively. 


CORRELATION OF INTEGRATED 
INTENSITIES WITH DEGREE OF 
DEFORMATION 


It was observed, in examining plas- 
tically deformed specimens, that the 
overall intensity of the reflected polar- 
ized light with crossed nicols changed 
as the plane of polarization or the speci- 
men was rotated. These changes were 
measured by the photometer at regular 
angular intervals and the results are 
shown in Fig 4. The data for curve A, 
obtained from a transverse section of a 
fully annealed specimen, represents a 
condition of random or nearly random 
orientation. It is evident that plastic 
deformation results in the formation 
of four peaks in each curve and that 
increasing plastic deformation, from 0 
to 38 pct, causes the amplitude to 
increase. 

Since any orientation of an indi- 
vidual grain goes through four intensity 
cycles, it is apparent that the inte- 
grated intensity of many grains will 
show four peaks as more and more 
grains approach a common alignment. 
Any such directional deviation from 
the original state must be considered 
as a development of preferred orienta- 
tion. X ray studies have shown that a 
progressive increase in preferred orienta- 
tion results when polycrystalline metals 
are deformed plastically in tension. 
There is apparently a relationship be- 
tween the degree of preferred orienta- 
tion and the variation in integrated 
intensity, where preferred orientation 
appears under crossed nicols before its 
development can be detected by X rays. 
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In this connection, it is interesting to 
note that Mebs and McAdam® have 
interpreted variations of Poisson’s 
ratio as showing the anisotropy of this 
same heat of Monel after 4 pct reduc- 
tion of area. Hill® has shown that the 
development of preferred orientation 
accompanies anisotropy. 

If plastic deformation, accompanied 
by a bending of the lattice, occurred in 
such a manner as to_permit extension 
in the direction of flow, a plane cutting 
the specimen in this direction should 
show more areas of certain specific 
planes than would be observed in the 
case of a purely random orientation. 
The development of the peaks of Fig 
5 is attributed to such a phenomenon. 
At present, there is very little informa- 
tion available on the intensity of the 
reflection from specific planes or on the 
number or orientations of the planes 
which combine to show this preferred 
orientation. 


EVIDENCE OF BENT LATTICE 
STRUCTURE 


Thin straight parallel lines usually 
seen on polished and etched surfaces 
of annealed metals after slight com- 
pression are considered to be traces of 
crystallographic planes, that is, the 
intersection of these planes with the 
surface of the metal. Sometimes how- 
ever, these lines are curved and the 
question has been raised as to whether 
a set of such curved lines represents 
traces of a set of crystallographic 
planes which are bent, or the traces of 
several sets of parallel crystallographic 


planes which remain straight but which 
combine to give the effect of curved 
lines. The ability of polarized light to 
show changes in orientation along the 
length of a line furnishes an answer to 
this question and thereby yields infor- 
mation as to a mode of deformation. 
Deformed Monel specimens were 
sectioned, polished, etched, and then 
deformed further to form traces, some 
of which are curved. It can be readily 
seen in Fig 5a and d that the slip lines 
bend as they go from one orientation 
to the other as evidenced by changes in 
the intensity pattern. The bends are 
not abrupt, as is the case at the grain 
boundaries, but have measurable radii 
of curvatures. In such cases, the in- 
tensity patterns show a gradual change 
in orientation which indicates a gradual 
change in position of the crystallo- 
graphic axes. This bending of the slip 
lines, therefore, is interpreted as being 
due to a bending of the crystallographic 
planes of which these lines are traces. 
In a metal, such as Monel, which has 
a face-centered cubic structure, these 
slip lines are assumed to be traces of 
octahedral planes. There are four sets 
of these planes, each set inclined to 
each of the other sets at an angle of 70°. 
Fig 5b, c and d show the microstruc- 
ture of two specimens that had less 
prior strain than did the specimen 
whose microstructure is shown in Fig 
5a. In Fig 5b, there are two sets of 
traces in the central grain, one set 
about horizontal, the other inclined 
about 30° to it. As the orientation 
changes, there is no change in direction 
of the horizontal set, but there is a 
change in the ends of the traces of the 
other set. The case of having two sets of 
traces, one straight and the other bent 
while going through a region of chang- 
ing orientation, can be explained as 
follows: During the process of plastic 
deformation the lattice may be bent 
around an axis parallel to the surface 
in such a manner that the metal surface 
cuts off a longitudinal section of the 
cylinder. Then an octahedral plane at 
right angles to the axis of bending would 
intersect the surface of the metal in a 
straight line regardless of the amount 
of lattice bending. If the octahedral 
plane is at any other angle, the inter- 
section of that plane with the specimen 
surface should show a change of direc- 
tion with a change of orientation. The 
further the octahedral plane inclines 
toward the axis of bending, the greater 
is the curvature of the slip line with 
change in orientation. This is shown in 
the main grain of Fig 5c, where the 
traces go through the main grain with 
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practically no change in direction with 
change in orientation. However, when 
they go through the twin, where an 
octahedral plane is inclined at the twin 
angle, the straight lines become curved 
with changes in orientation. This is 
clearly seen in Fig 5d which is an en- 
largement of the twinned region. 

From a study of many orientation 
patterns, and the slip lines formed on 
the surface by further plastic deforma- 
tion, it appears that initial bending 
occurs around axes nearly perpendicu- 
lar to the octahedral planes and that 
the slip lines run approximately per- 
pendicular to these axes of bending. 
The similarity of the microstructures 
of Fig 3 (deformed before polishing) 
and of Fig 5 (deformed both before and 
after polishing) indicates that the 
curvature of the traces and the accom- 
panying changes in intensity were not 
due to a rumpling of the surface. 

It was found that the number of slip 
lines formed on a specimen initially 
annealed, polished, and etched in- 
creased and their spacing became more 
irregular as the amount of plastic 
deformation increased. As can be seen 
in Fig 5a@ and 5, the intensity pattern 
of the individual grains indicates that 
the strain was inhomogeneous and this 
resulted in the irregular spacing of the 
slip lines. A series of annealed speci- 
mens, compressed 4, 14, 32, and 36 pct 
before being sectioned and _ polished, 
were etched and then given 2 pct fur- 
ther compression. Examination showed 
that the 32 pct and 36 pct specimens 
had fewer slip lines present than the 
4 pct and 14 pct. This showed that it is 
more difficult to develop slip lines on 
specimens that had a large amount of 
prior compression than on those that 
had a lesser amount. However, the 
greater the deformation before section- 
ing, polishing, etching, and deforming 
further, the deeper, wider, and more 
irregular become the slip lines. 


Discussion of Results 
TYPES OF LATTICE BENDING 


The concept of deformation by lat- 
tice bending has been presented by 
many investigators. Polanyi’ related 
the elongation of Laue spots from zinc 
crystals with bending of the slip plane 
(Biegegleitung). Sun and Chu® inter- 
preted Laue photographs of rock-salt 
crystals as showing that the first de- 
formation occurs by a simple bending 
of the lattice around a fixed axis; as the 
crystal deforms further, bending begins 
around one or more new axes. Single 
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FIG 5—Effect of prior plastic deformation on the development 


of slip lines in Monel metal A. 


(a) compressed 28 pct, (6), (c), and (d) compressed 2 pct. (a), (b), 
and (c) X 250. (d) X 750. Reduced one half in reproduction. 


crystals of cadmium, when oriented so 
that the glide plane is nearly parallel 
to the axis of compression, deform by 
a mechanism which Orowan® terms 
“kinking.” Hess and Barrett! have 
shown that the kink bands described 
by Orowan are a special form of de- 
formation bands and result from a 
bending of the lattice. 

When the intensity patterns of Fig 4 
are interpreted in terms of lattice bend- 
ing, four types of deformation can be 
seen: 

1. Broad diffuse bands of brightness 
and extinction, as typified by grain A: 
These represent lattice bending around 
an axis which is nearly parallel to the 
surface. These appear on specimens 
that have been sectioned longitudinally 
after slight plastic deformation. 

2. Areas of brightness surrounded by 
areas of extinction, as typified by grain 
B: These are typical of a dome type of 
lattice bending wherein the crystallo- 
graphic planes have, been bent so that 
they are no longer flat planes, but are 
wrinkled into the shape of a dome. 

3. Bands of brightness and extinc- 
tion with the bands ending in areas of 
extinction and brightness respectively, 
as shown in grain C: Here the change 
in orientation at the end of the band 
shows that the deformation is of the 
twisted or screw type. 

4. Bands of brightness or extinction 


sharply outlined in more or less irregu- 
lar shapes and mainly extending in the 
direction of flow as shown by grain D: 
Bands of this type represent fully 
formed deformation bends and usually 
appear after severe necking of the 
specimen. 

Examination of many intensity pat- 
terns shows that initial plastic deforma- 
tion occurs through the bending of the 
lattice around a single axis and that, as 
the amount of deformation increases, 
lattice bending takes place around 
several axes. 

From the extreme irregularity of the 
intensity patterns, it is evident that 
directions of flow can vary within small 
areas and that the deformation is by 
no means uniform or regular as would 
be the case for twinning. 


DEVELOPMENT OF DEFORMATION 
BANDS 


In the early stages of plastic defor- 
mation, the changes in orientation are 
gradual, as seen in Fig 3a and b. As de- 
formation increases, the changes in 
orientation become gradually sharper 
and more distinct in more or less irregu- 
lar areas. After severe plastic deforma- 
tion, these areas of changed orientation 
become elongated and sharply outlined. 
They are clearly seen in Fig 3d and 6a 
and b. As their development is a 
gradual process, it is quite evident that 
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FIG 6—Inhomogeneous deformation 
within individual grains in severely deformed 


specimens of Monel metal A. 
After prior compression of 36 pct for 6(a), 28 
ct for 6(b), (a) (above) X 500, (6) (below) X 250. 
Reducsd one half in reproduction. 


these areas are deformation bands and 
not deformation twins. 

As these deformation bands are 
formed, the area bounding them be- 
comes thinner and more distinct until, 
with severe plastic deformation, they 
become grain boundaries. Frequently, 
a well-defined grain boundary was seen 
to end in a deformation band boundary 
which became gradually wide and dif- 
fuse. Such a condition could exist if, 
due to inhomogeneous plastic flow, 
there is, as postulated by Mott," a 
shearing action along the orientation 
boundary (band boundary). With 
severe distortion, and its accompanying 
shear along the newly formed orienta- 
tion boundary, this orientation bound- 
ary becomes a grain boundary. Further 
deformation is then a unique and 
distinct process within each orienta- 
tion. In this way, a grain can be 
fragmented into smaller grains by plas- 
tic deformation. 


CONTINUANCE OF DEFORMATION 
BANDS ACROSS GRAIN 
BOUNDARIES 


Boas and Hargreaves!? concluded 
from hardness measurements that the 
distortion in a grain is confined largely 
to the areas adjacent to the grain 
boundaries and is transmitted to a 
neighboring grain along its boundaries. 
However, Hibbard,®? by means of 
X ray determinations of orientation, 
showed that deformation was not re- 
stricted to any particular area of the 
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grain. Examination of many intensity 
patterns, such as those in Fig 3, show 
that differences in orientation do not 
occur more frequently near the grain 
boundaries than in the center of the 
grain. While many areas were observed, 
similar to Fig 6a, in which deformation 
bands in one grain are adjacent to de- 
formation bands in the next, the pro- 
portion of such areas is small. From a 
consideration of the intensity patterns, 
it is evident that the transmission of 
deformation across a grain boundary is 
dependent upon the relationship of the 
two adjacent orientations. The re- 
sponse of a grain to the deforming 
stress is affected not only by the orien- 
tation of the grain itself but by the 
restricting action of adjacent grains of 
different orientation. 


EFFECT OF LATTICE BENDING ON 
THE MECHANISM OF PLASTIC 
DEFORMATION 


If deformation of Monel is to occur 
through lattice bending, then the con- 
cept of deformation by slip must per- 
mit gradual changes in lattice orienta- 
tion, such as are seen in Fig 3a and b, 
and must account for the relative pro- 
portions of deformation by lattice 
bending and by slip. It is quite evi- 
dent that slip did not occur through 
the distortion of layered regions which 
would leave the rest of the lattice 
undisturbed. 

It is evident that when the lattice is 
bent, the lattice constants on the con- 
cave side would differ from those on 
the convex side. In such a case, there 
are limitations as to the amount that 
the lattice can be bent elastically with- 
out deforming plastically. The plastic 
deformation, or atomic readjustment, 
could occur through the motion of 
dislocations, where the nonuniform 
stresses set up by the bending of the 
lattice serve as the trigger mechanism 
to start the dislocations into motion. 
It is hoped that more quantitative in- 
formation will be obtained from a 
program now underway which will 
coordinate the results obtained from 
polarized light with those obtained 
from other methods. 

The current widespread interest in 
orientation changes during plastic de- 
formation and the inability of other 
methods to present these changes visu- 
ally has resulted in the publication of 
this paper at this time. 


Summary 


The microstructure of Monel can be 
revealed, when viewed under crossed 


nicols, as an intensity contrast pattern 
when a polished specimen has been 
etched with the ordinary contrast etch- 
ing reagent. Differences in the intensity 
of the reflections were interpreted as 
differences in crystalline orientation. 
On the basis of this hypothesis, varia- 
tions in crystalline orientation were 
shown to be present in individual grains 
in plastically deformed specimens. A 
study of these variations led to the 
conclusion that the individual grains 
were deformed in an extremely irregu- 
lar flow pattern, some’ of the irregu- 
larity resulting from the restrictive 
action of neighboring grains. 

A study of the microstructure of 
specimens that had been deformed 
plastically, sectioned, polished, etched, 
and then deformed further indicated 
that curved slip lines are the traces of 
crystallographic planes which had be- 
come bent as a result of the prior 
plastic deformation. Changes in lattice 
orientation are attributed to a bending 
of the lattice and are shown to become 
sharper and more distinct as the 
amount of plastic deformation is in- 
creased. These changes lead to the 
formation of deformation bands and to 
fragmentation of the grains. 

It was shown that the integrated 
intensities of reflections from many 
grains varied as the specimen was ro- 
tated with respect to the plane of 
polarization of the incident light. The 
integrated intensity increased with an 
increase in the degree of deformation, 
thereby indicating that polarized light 
can be used to detect preferred 
orientation. 
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Introduction 


In a series of papers the author and 
associates have discussed the influence 
of temperature on the tensile properties 
of metals.!!-!8 These papers present 
much information about the influence 
of temperature and the stress system 
on the conventional indices of mechani- 
cal properties, with special attention 
to the fracture stress. A recent study of 
the-data, however, has revealed much 
additional information about the influ- 
ence of temperature on the funda- 
mental factors involved in the flow of 
metals. The present paper presents 
results of this study. Attention will be 
confined almost entirely to results de- 
rived from tension tests of unnotched 
cylindrical specimens at strain rates a 
little slower than those used in ordinary 
tension tests. 

According to a concept first pre- 
sented by Ludwik and elaborated in 
recent papers by others,®%??23 the 
mechanical state of a metal depends on 
the total plastic strain, but not on the 
temperature during straining, provided 
that the only structural changes are 
those essential to plastic deformation. 
- In the summer of 1948, however, the 
author made the previously men- 
tioned study of results of a general 
investigation by the author and associ- 
ates and reached the conclusion that 
the mechanical state depends not only 
on the total strain, but also on the 
temperature during the straining. A 
number of diagrams were then pre- 
pared. These conclusions were pre- 
sented without diagrams in a discussion 
last October of a paper by Dorn, Gold- 
berg and Tietz.” 

The metals used in the investigation 
on which this paper is based were 
Monel and oxygen-free copper. The 
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Monel was supplied by the Interna- 
tional Nickel Co. through the courtesy 
of Dr. W. A. Mudge. The copper was 
supplied by the Scomet Engineering 
Co. through the courtesy of Dr. Sidney 
Rolle. The data to be presented are 
based on results of tests at tempera- 
tures ranging between 165 and — 188°C. 
Description of the apparatus and meth- 
ods of test are given in previous 
papers. 10,11,12 

The present paper is the first part of 
the general discussion of the influence 
to temperature on the stress-strain- 
energy relationship for metals. The 
next paper will deal with metals that 
are subject to structural changes other 
than those induced’ solely by plastic 
deformation. 


Influence of Temperature 
and Plastic Strain on the 
Flow Stress of Monel 
and Copper 


For a study of the influence of tem- 
perature on the stress-strain relation- 
ship, flow-stress curves obtained with 
annealed metals at various tempera- 
tures will be compared with curves 
obtained with the same metals after 
cold drawing or cold rolling at room 
temperature. Diagrams thus obtained 
with Monel and copper are shown 
in Fig 1 to 8. Fig 1 to 7 show the varia- 
tion of the flow stress with temperature 
and plastic strain; Fig 8 is a diagram of 
a different type, derived from Fig 4 to 
7. In Fig 1 to 7 strain is expressed in 
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terms of Ao/A, in which Ay and A 
represent the initial and current areas 
of cross-section. Since values of Av/A 
are represented on a logarithmic scale, 
abscissas are proportional to true 
strains; moreover, the true strains 
representing prior plastic deformation 
and those representing subsequent 
strain during a tension test are di- 
rectly additive. 

Fig 1 shows flow-stress curves ob- 
tained with annealed Monel. Five of 
the curves are based on results of ten- 
sion tests. Between yield and the maxi- 
mum load, the flow was under longi- 
tudinal tensile stress; between the 
maximum load and fracture, the local 
contraction induced transverse radial 
tensile stress. The portions of curves 
designated F, therefore, represent flow 
with increasing radial stress ratio, the 
ratio of the transverse stress S3 to the 
longitudinal stress S,. Curve F> is 
based on the ultimate stresses of 
specimens taken from bars that had 
been cold drawn various amounts.!” 
Since the tensile stress at the maximum 
load is unidirectional, curve Fo repre- 
sents the course that a flow-stress 
curve would take if the stress during an 
entire tension test could be kept 
unidirectional. 

The flow-stress curve F' obtained at 
room temperature (Fig 1) has been 
established accurately by numerous 
measurements of the diameter of the 
specimen during the extension from 
yield to fracture.!’ At the time of the 
experiments, however, no apparatus 
was available for measuring the diam- 
eter during tension tests at low tem- 
peratures. Nevertheless, curves have 
been established to represent with 
sufficient accuracy the flow at low 
temperatures. Each flow-stress curve 
must be tangent to a curve U, which 
starts at a point representing the ulti- 
mate stress of annealed metal. Since the 
ultimate stress is based on the area of 
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FIG 1—Flow of annealed Monel and ultimate stress of cold-worked Monel at various 
temperatures. 


cross-section at the beginning of a ten- 
sion test, this strength index varies 
with the amount of prior plastic de- 
formation of the bar from which the 
specimen was taken. The variation is 
linear with L/L, or with Ao/A, until the 
load reaches a maximum and local con- 
traction begins. * However, when A,/A 
is represented on a logarithmic scale, 
the theoretical variation of the ulti- 
mate stress with prior plastic strain is 
represented by a curve U. To each 
curve U, the corresponding flow-stress 


*1o and L represent the initial and current 
lengths. ; 
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curve must be tangent at a point 
representing the true stress at the 
maximum load. Except in some of the 
earliest of the tension tests by the 
author and associates, the extension at 
the maximum load was determined by 
means of an automatic diagram, and 
the point of tangency of the flow-stress 
curve with curve U can thus be 
established accurately. However, since 
the flow-stress curve and the tangent 
curve generally are close together for a 
considerable distance on each side of 
the point of tangency, the course of the 
flow-stress curve in this region can be 


established with sufficient accuracy, 
even when the extension at the maxi- 
mum load has not been measured. 
Moreover, an additional check for the 
point of tangency is available when 
the extension at the maximum load has 
been determined at room temperature; 
for Monel, the extension at the maxi- 
mum load increases slightly with de- 
crease of temperature, as illustrated in 
Fig 1. Between the points representing 
yield and maximum load, the flow- 
stress curves for Monel at low tem- 
perature have been constructed so as to 
be in proper correlation with each 
other and with the accurately estab- 
lished curve representing flow at room 
temperature. 

In order to extend the curves beyond 
the points of tangency with curves U, 
it is necessary to establish at least 
approximately the points representing 
the beginning of fracture. Points R in 
Fig 1 represent breaking stresses ob- 
tained by dividing the load at begin- 
ning fracture by the cross-sectional 
area determined after fracture. How- 
ever, because plastic deformation of a 
ductile metal generally continues at 
the rim of the cross-section while the 
fracture is extending from the axis to 
the periphery, the area of cross-section 
generally decreases during fracture. 
The breaking-stress values indicated 
by points R, therefore, are too high. At 
room temperature, the transverse meas- 
urements during flow have made it 
possible to determine accurately the 
true fracture stress, the stress when 
the flow-stress curve reaches a maxi- 
mum and fracture begins. This stress 
is represented by point T. Although 
transverse measurements were not 
made during flow at low temperatures, 
approximate values of the true fracture 
stresses have been estimated on certain 
assumptions and are indicated by 
points 7. These points must be on the 
nearly straight lines extending down- 
ward from points R at such a slope that 
percent decreases in stress are equal 
to percent decreases in A,/A*. Points 
T on these lines have been located on 
the assumption that the percent de- 
crease in coordinates from R to T 
should be the same for low tempera- 
tures as for room temperature. The 
flow-stress curves between the points 
representing maximum load and _ be- 
ginning fracture have been constructed 
so as to be in proper correlation with 
each other and with the curve ob- 
tained at room temperature. 


* The lines are not quite straight because the 
scale is semilogarithmic. 
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The curves thus constructed are 
sufficiently accurate for use in a study 
of the influence of temperature and 
plastic strain on the flow stress. The 
first part of this study will be a com- 
parison of these curves with the three 
points representing ultimate stresses 
of cold-drawn Monel. Since this metal 
had been reduced 40 pct in cross-sec- 
tion by cold drawing, and since ulti- 
mate stresses of severely cold drawn 
metal are practically the same as flow 
stresses at the maximum load, the three 
points representing ultimate stresses in 
Fig 1 have been placed at an abscissa 
representing a value of 1.67 for Ao/A. 
The point representing the ultimate 
Stress at room temperature thus coin- 
cides with curve Fo. 

If the flow stress (for a constant 
strain rate) were merely a function of 
temperature and total strain, the 
points representing ultimate stresses 
of cold-drawn Monel at —128 and 
— 188°C would be much higher than 
they are in relation to the correspond- 
ing flow-stress curves. They would be 
below these curves, because the curves 
to the right of the points representing 
the beginning of local contraction are 
affected by the increasing radial stress 
ratio (S3/S:), but they would be higher 
than the corresponding points repre- 
senting flow of annealed Monel at the 
maximum load. As shown in Fig 1, 
however, the points representing ulti- 
mate stresses of cold-drawn Monel at 
low temperatures are much lower in the 
diagram than the corresponding points 
representing the flow stresses of an- 
nealed Monel at the maximum load. 
The evidence, therefore, indicates that 
the flow stress at any instant depends 
not only on the temperature and total 
strain at that instant, but also on any 
prior changes in temperature during 
the flow. 

For a thorough study of the influence 
of temperature and strain on the flow 
stress it is necessary to compare curves 
representing flow at various tempera- 
tures, but with the same stress system. 
Such a comparison is not made in 
Fig 1. The ideal stress system for 
this purpose is unidirectional tensile 
stress (83/8; = 0). As shown in Fig 1, 
a complete curve (F) has been derived 
to represent flow under this stress sys- 
tem atroom temperature.’ In Fig 2, this 
curve and other curves of Fig 1 have 
been reproduced for comparison with 
curves representing flow under uni- 
directional tensile stress at low tem- 
peratures. Fig 2 also contains flow- 
stress curves for cold-drawn Monel. 
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FIG 2—Influence of temperature on the flow of Monel under unidirectional tensile stress. 


Curve F for cold-drawn Monel at room 
temperature is based on frequent 
transverse measurements during flow, 
and thus the point representing the 
beginning of fracture has been accu- 
rately established.!”7 The F curves for 
cold-drawn Monel at low temperatures 
have been established approximately 
by the method used in establishing the 
F curves of Fig 1. The Fo curves repre- 
senting flow at low temperatures are 
not based directly on results of experi- 
ment; experiments to extend such a 
curve beyond the point representing 
the maximum load in a tension test 
would involve cold drawing or cold 


rolling at the low temperature. How- 
ever, each of these curves in Fig 2 has 
been constructed with proper diver- 
gence from the corresponding F curve. 
Since the same amount of local con- 
traction would cause about the same 
increase in the radial stress ratio 
(S3/S,) at low temperatures as at room 
temperature, the ratio of ordinates of 
corresponding Fy and F curves at the 
same abscissa has been made about the 
same for low temperatures as for room 
temperature. 

The junctions of the F and Fo curves 
for cold-drawn Monel at low tempera- 
tures represent incipient flow at these 
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FIG 3—Influence of temperature on the flow of copper under unidirectional tensile stress. 


temperatures after the indicated strain 
at room temperature. The dotted curve 
S passing through each of these junc- 
tions represents approximately the 
locus of incipient-flow stresses at the 
indicated temperature after various 
strains at room temperature. Such 
curves, although they do not represent 
continuous flow, will be termed “‘sec- 
ondary flow-stress curves’’ to dis- 
tinguish them from the primary curves 
from which they are derived. For 
accurate determination, such a curve 
should be based on results of tests of 
specimens that had been extended 
various amounts at room temperature. 
However, when a single point has been 
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established far out on a secondary 
flow-stress curve, the curve can be con- 
structed in proper correlation with the 
primary curves, so as to be accurate 
enough for a study of the influence of 
temperature and strain on the flow 
stress. Each secondary curve begins at 
the origin of the corresponding primary 
curve; it diverges continuously down- 
ward from that curve and upward from 
the Fo curve for annealed Monel at 
room temperature. Beyond the points 
representing ultimate stresses of cold- 
drawn Monel, the ratios of correspond- 
ing ordinates of the three Fp curves 
increase very little. Comparison of the 
primary and secondary Fo curves in 


Fig 2 shows that the mechanical state 
depends not only on the total strain, 
but also on the temperature during the 
strain. 

Fig 3 shows results of tests of an- 
nealed copper rod and of rod that had 
been plastically deformed three dif- 
ferent amounts before the tension 
tests. Two lots of the copper rod had 
been cold drawn to 40 and 54 pct reduc- 
tion in cross-section, and one lot had 
been cold rolled to 75 pct reduc- 
tion. The points representing ultimate 
stresses and the corresponding strains 
of the cold-worked copper coincide ex- 
actly with Fy curve for annealed copper 
at room temperature; this curve is 
based on numerous ultimate stress val- 
ues for cold-drawn wire and cold-rolled 
strip.!7 However, Fig 3 is based almost 
entirely on results obtained with the 
annealed rod and severely cold-rolled 
rod, which were tested at room tem- 
perature and at low temperatures. 

Curves F for annealed copper and 
severely cold-rolled copper have been 
established accurately by numerous 
transverse measurements of the diam- 
eter of the specimen during flow.!7 The 
true fracture stresses thus have been 
determined accurately. Although trans- 
verse measurements were not made 
during flow at low temperatures, the 
curves representing flow at these tem- 
peratures have been established by 
proper correlation with curves U, with 
the Fy and F curves for room tempera- 
ture, and with the points representing 
fracture at room temperature. Since the 
points representing ultimate stresses of 
the severely cold-rolled copper are far 
out along the secondary flow-stress 
curves S, the divergence of these curves 
from their origins must be approxi- 
mately as indicated in the figure. 

Comparison of the S curves with the 
Fy curves from which they diverge gives 
additional evidence that the mechani- 
cal state of a metal depends not only on 
the total strain, but also on the tem- 
perature during the strain. Since 
“mechanical state’ involves both 
strength and ductility, and since atten- 
tion is being confined to resistance to 
flow, the term “‘strength state”’ will be 
used instead of “‘mechanical state,”’ 
with the understanding that “strength” 
here means resistance to flow, not 
resistance to fracture. In general use, 
the word “‘strength’’ designates a 
property that varies with the tem- 
perature, as indicated by the variation 
of the hardness and flow stress. In the 
term “‘strength state,” however, the 
word “strength” implies a condition 
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of the metal, a property independent of 
temperature. In future discussion, the 
term “intrinsic strength”’ will be used 
with the same significance as ‘“‘strength 
state.” 

The lower the temperature, the more 
rapid is the increase of the intrinsic 
strength with strain. The intrinsic 
strength or strength state is unchanged 
when the temperature is changed with- 
out change in the total strain. In Fig 
2 and 3 for example, points at the same 
abscissa on the Fo curve for room tem- 
perature and the two secondary flow- 
stress curves represent the same 
strength state, although they represent 
very different flow stresses. The effect 
of temperature on the flow stress evi- 
dently involves two factors: (1) a 
direct effect; (2) an effect of tempera- 
ture on the rate of increase of the 
intrinsic strength with strain. The 
direct effect is illustrated by the verti- 
cal distance between the Fy curve for 
room temperature and the correspond- 
ing S curve; the effect of temperature 
on the rate of increase of the intrinsic 
strength with strain is illustrated by 
the divergence of the primary and 
secondary curves for the same tem- 
perature. For a comparison of strength 
states by means of flow stresses, the 
flow-stresses must be determined at the 
same temperature. 

From a set of Fo curves and second- 
ary flow-stress curves, such as those in 
Fig 2 and 3, the relationship between 
the direct temperature factor and the 
intrinsic strength factor can be deter- 
mined. By the use of these factors, 
other locus curves may be developed, 
each representing incipient-flow stresses 
at one temperature after various 
strains at any other temperature, 
higher or lower, within the range repre- 
sented in the diagram. These derived 
curves can be established in exact 
correlation with the primary and sec- 
ondary curves, and extended through- 
out the strain range of curves from 
which they are derived. For a system- 
atic study of the stress-strain-tempera- 
ture relationship, three groups of these 
derived curves should be available. 
In Fig 4 and 5, three groups of these 
curves for Monel have been assembled 
together with the Fy curves and S 
curves, which have been reproduced 
from Fig 2. In Fig 6 and 7 three similar 
groups of curves for copper have been 
assembled together with the Fo curves 
and S curves, which have been repro- 
duced from Fig 3. These derived curves 
will be termed ‘“‘tertiary flow-stress 
curves.” Like the secondary curves, 
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FIG 4—The flow stress of Monel as affected by temperature and total strain. 


they do not represent continuous flow. 

Before further consideration of the 
tertiary curves, attention will be given 
to curves of another type, the curves 
designated A to Cin Fig 4 to 7. Each of 
these curves shows the influence of tem- 
perature on the strain that will produce 
the same strength state. These con- 
stant-state curves have been derived 
from the primary and secondary flow- 
stress curves by applying the following 
principles: (1) Varying the temperature 
without varying the plastic strain 
causes no change in the strength state. 
(2) Two specimens of the same metal, 
whatever their strain history, are in 
the same strength state if their flow 


stresses are the same at the same 
temperature. The first principle im- 
plies that points at the same abscissa 
on the Fy curve for room temperature 
and the S curves represent the same 
strength state. The second principle 
implies that a horizontal line drawn 
between a primary and a secondary 
curve representing flow at the same 
temperature will intersect these curves 
at points representing the same strength 
state. 

For an example of the use of these 
principles in deriving a constant-state 
curve, reference may be made to curve 
C in Fig 4. A point on the Fy curve for 
room temperature has been selected 
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FIG 5—The flow stress of Monel as affected by temperature and total strain. 


to represent state C. According to 
principle (1), the vertical line drawn 
through this point intersects the sec- 
ondary flow-stress curves S at points 
representing the same strength state. 
According to principle (2), horizontal 
lines drawn from these intersections 
' will intersect the corresponding F» 
curves at points representing the same 
strength state. The positions repre- 
sented by the black circles have thus 
been established, and curve C drawn 
through these points represents a con- 
stant strength state. This method has 
been used in constructing all the con- 
stant-state curves in Fig 4 to 7. 
Although a_ constant-state curve 
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represents constant intrinsic strength, 
it does not represent constant ductility. 
With decrease in temperature, the 
strain to produce constant intrinsic 
strength decreases, while the total duc- 
tility of Monel and copper increases. 
The residual ductility thus increases as 
the temperature is lowered. Consequ- 
ently, since ‘‘constant mechanical 
state’’ implies constant strength and 
ductility, it is not possible to produce 
such a state by varying the plastic 
strain with the temperature. Moreover, 
although a constant strength state may 
be produced by varying the strain with 
the temperature, the structural state is 
not constant. With decrease in tempera- 


ture, the strengthening effect of plastic 
strain of Monel and copper increases, 
but the damaging effect’ does not. 

Attention will now be given to the 
three previously mentioned groups of 
tertiary flow-stress curves. One of the 
groups obtained with Monel is in Fig 
4 and the other two are in Fig 5; one of 
the groups obtained with copper is in 
Fig 6 and the other two are in Fig 7. In 
deriving these curves, the points repre- 
sented by inverted triangles have been 
established by a graphical method simi- 
lar to the method of establishing the 
constant-state curves. Beyond these 
triangles, the tertiary curves have been 
extended by an arithmetical method 
involving the use of a direct tempera- 
ture factor and an intrinsic strength 
factor. This method will be discussed 
later. 

For an illustration of the graphical 
method, reference may be made to the 
inverted triangles on the G curves of 
Fig 4. Each of these curves represents 
the locus of incipient-flow stresses at 
the indicated temperature, after vari- 
ous strains at —188°C. In establishing 
a point on such a curve, this point 
should be placed at the proper distance 
directly below a selected point on the 
Fy curverepresenting strain at —188°C. 
For convenience in establishing the two 
triangles on each of the G curves, the 
two specific strains selected are those 
represented by the black circles on the 
uppermost Fo curve; these are the 
strains that will produce strength 
states A and C. If two specimens be 
strained these amounts at — 188°C and 
then heated to room temperature, the 
points representing the incipient-flow 
stresses will be directly below the black 
circles on the Fy curve. Moreover, since 
the two specimens will still be in states 
A and C, the incipient-flow stresses at 
room temperature should be the same 
as if the specimens had been strained 
to these states at room temperature. 
The two triangles on the lowest G 
curve, therefore, have been placed on 
the horizontal lines extending from the 
black circles on the Fy curve for room 
temperature. From points directly 
above these two circles and on the 
secondary flow-stress curve S for 
—128°C, horizontal lines have been 
drawn to establish the two triangles on 
the G curve representing incipient-flow 
at — 128°C. The same graphical method 
has been used to locate the triangles on 
all the tertiary flow-stress curves of 
Fig 5, 6 and 7. 

The method of establishing these 
tertiary curves involves the assumption 
that, within the temperature range 
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represented, there are no structural 
changes other than those essential to 
plastic deformation. It also involves 
the assumption that, if the flow 
stresses of two specimens of the same 
metal with different temperature-strain 
histories are equal at one temperature, 
they will be equal at any other tem- 
perature within the range represented. 
This assumption implies that the direct 
effect of temperature on the flow stress 
is the same for two specimens with the 
same intrinsic strength, whatever may 
be the difference in the temperature- 
strain history. If this assumption were 
incorrect, the concept of intrinsic 
strength would be as untenable as the 
concept of absolute velocity. However, 
the concept of intrinsic strength is sup- 
ported by scattered evidence in the 
literature. Moreover, it receives addi- 
tional support from the results of a 
study of the influence of temperature 
on strain energy. 

In Fig 4, the group of G curves is 
similar in one respect to the group of 
secondary flow-stress curves S. In each 
group, the curves represent incipient- 
flow stresses at several indicated 
temperatures after strains at one tem- 
perature. By comparison of ordinates 
of the curves of either group with the 
associated Fy curve, information may 
be obtained about the direct effect of 
temperature on the flow stress. Similar 
groups of curves are shown in Fig 6. 
Fig 5 and 7, however, each contain two 
groups of a different type from those in 
Fig 4 and 6. The curves in each group 
in Fig 5 and 7 represent incipient-flow 
stresses at one temperature after strains 
at several indicated temperatures. At- 
tention will be confined almost entirely 
to Fig 5, although the discussion would 
apply as well to Fig 7. The upper group, 
comprising the K curves, shows results 
of straining at several temperatures 
followed by determination of the 
incipient-flow stresses at —188°C. 
Since the uppermost F curve repre- 
sents flow at —188°C, it belongs in the 
same group with the K curves. The 
lowest curve in this group is the sec- 
ondary flow-stress curve S for — 188°C. 
~ All the curves of the upper group have 
the same origin, the point representing 
yield at —188°C. The lower group in 
Fig 5, comprising the L curves and the 
F, curve for room temperature, shows 
results of straining at several tempera- 
tures followed by determination of the 
incipient-flow stresses at room tempera- 
ture. All the curves of this group have 
their origin at the point representing 
yield at room temperature. 


Since the ordinates in each of these - 
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FIG 6—The flow stress of copper as affected by temperature and total strain. 


groups represent incipient flow stresses 
at the same temperature, the ordinates 
at constant strain are proportional to 
the intrinsic strengths, and a horizontal 
line drawn through either of the two 
groups would intersect the curves at 
points representing the same intrinsic 
strength. In the lower group of curves 
in Fig 5, horizontal lines have been 
drawn to intersect the lowest Fy curve 
at points representing strength states 
A, B and C. These horizontal lines 
intersect the tertiary flow-stress curves 
L at the indicated points, which are 
directly below corresponding circles on 
curves A, B and C. The strength states 


represented by horizontal lines A, B 
and C, therefore, are the same as those 
represented by curves A, B and C. The 
flow stresses represented by curves 
A, B and C, however, are primary 
flow stresses; the flow stresses repre- 
sented by the horizontal lines are in- 
cipient-flow stresses after change to 
room temperature. 

If ordinates in the curves of either 
the upper or lower group of Fig 5 be 
compared at the same abscissa, the 
ordinates will be proportional to the | 
intrinsic strengths produced by the 
same strain at the indicated tempera- 
tures. Since the temperatures of pri- 
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FIG 7—The flow stress of copper as affected by temperature and total strain. 


mary flow were the same for both the 
upper and lower groups, the intrinsic 
strengths produced by the same strain 
should be in the same proportion for 
each group. Consequently, although 
the incipient-flow stresses represented 
by the curves of the upper and lower 
groups differ greatly, the ordinates at 
the same abscissa should be in the same 
proportion in each group. As will be 
shown in the discussion of Fig 8, the 
ordinates in each of the groups in Fig 
5 and 7 are in correct proportion. 

The effects of the difference between 
room temperature and —188°C are 
represented in Fig 5 by five ordinate 
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ranges. The extreme ordinate range, 
the range between the highest and 
lowest Fy curves, represents the effect 
of this temperature difference on the 
primary flow stress. Within this ordi- 
nate range are four other significant 
ranges. The ordinate ranges of the 
upper and lower groups of curves 
represent the effect of the above-men- 
tioned temperature difference on the 
intrinsic strength. The range below the 
upper group of curves and the range 
above the lower group of curves, each 
represent the direct effect of the same 
temperature difference on the flow 
stress. Thus there are two ordinate 


ranges representing the effect of the 
same temperature difference on the in- 
trinsic strength, and two ordinate 
ranges representing the direct effect of 
this temperature difference on the flow 
stress. However, when the effects of 
this temperature difference are ex- 
pressed in terms of ordinate ratios 
instead of ordinate differences, a single 
ordinate ratio will represent the effect 
on the intrinsic strength and a single 
ordinate ratio will represent the direct 
effect on the flow stress. The product 
of these two ratios is the ordinate ratio 
for the highest and lowest Fo curves in 
Fig 5. The effect of a temperature dif- 
ference on the primary flow stress, 
therefore, should be expressed as the 
product of two flow-stress ratios, one 
of which will be called the intrinsic 
strength ratio and the other the direct 
temperature factor. 

Plastic strain has very different ef- 
fects on these two factors. Since the 
curves in each group from which in- 
trinsic strength ratios are derived di- 
verge from the corresponding point 
representing yield (Fig 5 and 7), the 
intrinsic strength ratio at yield is 1.0 
and the ratio increases continuously 
with plastic strain. The direct tempera- 
ture factor, for a change between room 
temperature and —188°C, is repre- 
sented by the ordinate ratio for the 
uppermost secondary flow stress curve 
S and the Fo curve for room tempera- 
ture. For copper, this ratio is about 1.3 
at yield, and changes little with plastic 
strain (Fig 7). For Monel, the ratio is 
about 1.9 at yield, but the ratio de- 
creases rapidly with strain until it is 
about the same as for copper; there- 
after the ratio changes very little. 

Diagrams of a different type have 
been derived from Fig 4 to 7 and are 
shown in Fig 8. In this figure tempera- 
tures are plotted as abscissas. The 
temperature scale is the same that has 
been-used in previous papers by the 
author and associates. !!~16.19 Tempera- 
tures in degrees K are plotted ona log- 
arithmic scale. Since abscissas are pro- 
portional to the logarithm of the degrees 
Kelvin, the scale is the same in princi- 
ple as Kelvin’s original thermodynamic 
scale. This scale has been used because, 
within the range from room tempera- 
ture —188°C, it gives a nearly linear 
relationship between temperature and 
conventional strength indices for vari- 
ous metals. Ordinates in the upper 
division of Fig 8 represent flow stresses; 
in the lower division ordinates repre- 
sent flow-stress ratios. 

Attention will be given first to the 


. curves in the upper division. In this 
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division, there are three groups of five 
curves, and two curves representing 
the influence of temperature on the 
yield stress. Each group of five curves 
represents variations of the flow stress 
when the plastic strain is constant at 
the amount indicated by the value of 
A)/A. Each of these groups has been 
derived from corresponding groups of 
flow-stress curves in Fig 4 to 7 by 
using flow-stress values represented by 
the ordinates at the indicated value of 
A)/A. To simplify the correlation be- 
tween the curves in Fig 8 and the 
curves from which they are derived, 
the same letters have been used to 
designate the curves in Fig 8 and the 
corresponding curves in Fig 4 to 7. 
Moreover, the same symbols that 
designate established points on the 
curves in Fig 8 have been inserted at 
corresponding points on the vertical 
dot-and dash lines of Fig 5, 6, and 7. 

In each group of five curves in Fig 
8, the Fy curve and the S curve are 
derived from corresponding primary 
and secondary flow-stress curves; the 
other three curves in the group are 
derived from tertiary flow-stress curves. 
The S curve and the G curve have 
similar meaning. The S curve repre- 
- sents the variation of the incipient-flow 
stress with temperature, after the indi- 
cated strain at room temperature; the 
G curve represents the variation of the 
incipient-flow stress with temperature 
after strain at —188°C. Each of these 
curves, therefore, represents constant 
intrinsic strength, and hence it repre- 
sents the direct effect of temperature 
on the flow stress. The K curve and the 
L curve also have similar meaning. 
The K curve represents the effect of 
constant strain at various tempera- 
tures on the incipient-flow stress at 
—188°C; the L curve represents the 
-effect of constant strain at various 
temperatures on the incipient flow 
stress at room temperature. The flow- 
stress variation represented by each 
of these curves, therefore, is propor- 
tional to the variation of the intrinsic 
strength with temperature. 

As indicated by the S curves in Fig 
8, the direct effect of temperature on 
the flow stress is nearly linear between 
room temperature and —188°C, on 
this temperature scale. The linear 
relationship is found not only at 
severe strains corresponding to Ao/A 
values of 4.6 for Monel and 10 for 
copper, but also at values of 1.3 for 
Monel and 4 for copper, abscissas at 
which the secondary flow-stress curves 
(Fig 2 and 3) are most accurately 
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FIG 8—Influence of temperature on the flow stress of Monel and copper at constant strain. 


established. The linear relationship, 
however, probably ends a little above 
room temperature. The downward 
bending of the S curves for copper in 
Fig 8 possibly is due to the softening 
effect. of “‘relaxation.”’ If the S curves 
for Monel were extended above room 
temperature, they probably would turn 
upward because of strain aging."' Be- 
tween room temperature and —188°C 
neither Monel nor copper shows evi- 
dence of either strain aging or re- 
laxation. There is some doubt that 


the linear relationship persists below 
—188°C. Continuation of the linear 
relationship on this temperature scale, 
between —188°C and the temperature 
of liquid hydrogen (—252.8°C) would 
require about 35 pct increase in the 
flow stress. Results of tension tests by 
DeHaas and Hadfield! and by Kos- 
tenetz’ indicate that the increase in the 
flow stress between —188°C and 
—252.8°C for most of the metals tested 
would be not more than about 20 pet. 
However, results obtained by Kos- 
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FIG 9—Influence of temperature on the strain energy of Monel for constant intrinsic strength 


tenetz with some steels indicate an 
increase of about 35 pct, and his re- 
sults for aluminum indicate an increase 
of 67 pct. The evidence based on these 
tests, therefore, is inconclusive. It ap- 
pears probable, however, that the S 
lines for Monel and copper should be 
slightly curved if extended below 
—188°C; the curvature would be 
qualitatively similar to that of the Fo 
curves in Fig 8. 

The F> curve, even in the absence of 
strain aging, probably would reverse 
its curvature if extended far enough 
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above room temperature. If extended 
over a sufficient temperature range, 
the curve would thus be similar in form 
to a curve representing the influence 
of temperature on the ultimate stress. 
Below the point of reversal the curva- 
ture is due largely to the influence of 
temperature on the intrinsic strength 
factor, as illustrated by curves K and 
L in Fig 8. 

In each group of five curves in Fig 8, 
two curves represent the direct effect 
of the same range of temperature on 
the flow stress, and two curves repre- 


sent the effect of the same range of 
temperature on the variation of the 
flow stress with the intrinsic strength. 
However, when the effect of this 
range of temperature on each of these 
four curves is expressed in terms of 
flow-stress ratios instead of flow-stress 
differences, only one curve is obtained 
to represent the direct effect of tem- 
perature, and only one curve is 
obtained to represent the effect of tem- 
perature on the intrinsic strength 
ratio. Curves so obtained are shown 
in the lower division of Fig 8. Lines 
DTF represent the variation of the 
direct temperature factor with tem- 
perature, and curves JSR represent the 
variation of the intrinsic strength 
ratio. Ratios are expressed in terms of 
the flow stress at the indicated strain at 
room temperature. Lines DTF are 
based on averages of closely agreeing 
ratios derived from lines S and G; 
curves ISR are based on closely agree- 
ing ratios derived from curves K and L. 
However, there is another way in 
which the JSR curves can be derived. 
From a pair of Fy and S curves in Fig 
8 intrinsic strength ratios can be de- 
rived by calculating ratios of corre- 
sponding ordinates. Since the S curve 
represents the effect of lowering the 
temperature without change of in- 
trinsic strength, any point on this 
curve represents the intrinsic strength 
produced by the indicated strain at 
room temperature. The ratio of ordi- 
nates of the Fy and S curves at the 
same abscissa, therefore, is the ratio 
between the intrinsic strength pro- 
duced by straining at the indicated 
temperature and the intrinsic strength 
produced by the same strain at room 
temperature. Ratios thus obtained 
from the Fy and S curves are identical 
with those obtained at the same ab- 
scissas from curves K and L. 

The fundamental factors involved in 
the effect of temperature on the flow 
stress, therefore, can be derived directly 
from corresponding Fy and S curves. 
These factors could then be used to 
establish curves G, K, L, DTF and ISR 
in Fig 8 without the use of the tertiary 
flow-stress curves in Fig 4 to 7. More- 
over, the same arithmetical method can 
be used, in conjunction with the 
graphical method, to derive the tertiary 
flow-stress curves in Fig 4 to 7 from the 
Fy and S curves. 

As indicated by the JSR curves in 
Fig 8, the influence of temperature on 
the intrinsic strength factor gradually 
becomes less prominent as the tem- 
perature is lowered between room 
temperature and —188°C. However, if 
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the JSR curves were extended to some 
point above room temperature the 
steepness probably would begin to 
decrease, even in the absence of strain 
aging. The influence of prior plastic 
strain on the steepness of the JSR curve 
is illustrated by the relation between 
the two ISR curves for Monel. With 
decrease in the prior plastic strain, the 
steepness of the JSR curve decreases. 
At yield, the curve would become a 
horizontal line, and the influence of 
temperature on the flow stress would 
depend entirely on the direct tempera- 
ture factor. 


Influence of Temperature 
on the Strain Energy of 
Monel and Copper 


The energy applied in the plastic de- 
formation of metals is converted partly 
into heat and partly into latent energy. 
The conversion into latent energy is 
associated with the work-hardening, 
that is, the increase of intrinsic 
strength with strain. Since the strain 
energy is a function of the area beneath 
a flow-stress curve, the evidence in Fig 
4 to 7 indicates that both the total 
strain energy and the latent energy 
vary with the temperature at which the 
metal is strained. The flow-stress curves 
in Fig 4 to 7, therefore, have been used 
to develop diagrams representing the 
influence of temperature on the strain 
energy of Monel and copper. The dia- 
grams thus obtained are shown in Fig 
9, 10 and 11. The energy values repre- 
sented in these figures have been de- 
rived from the areas beneath flow-stress 
curves in Fig 4 to 7. The areas were de- 
termined by the use of original unre- 
duced diagrams (20 in. wide) which 
were on coordinate paper with fine 
subdivisions. Since abscissas in these 
diagrams are proportional to true 
strains, the area beneath a flow-stress 
curve is proportional to the strain 
energy per unit volume of the flowing 
metal, even when this volume is de- 
creasing because of local contraction. 
In calculating energy values per unit 
volume from the areas, a factor was 
used to convert abscissas to natural 
strains, and other factors were used 
so as to determine the energy equiva- 
lent of unit area in calories per gram 
atom. 

Fig 9 and 10 show the energy rela- 
tions for constant strength state; Fig 
11 shows the energy relations for con- 
stant strain. Attention will be given 
first to the relations for constant state. 
States B and C represented by curves 
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FIG 10—Influence of temperature on the strain energy of copper for constant intrinsic 
strength. 


W in Fig 9 are the same as those repre- 
sented by curves B and C in Fig 5; 
states A and B represented by curves 
W in Fig 10 are the same as those 
represented by curves A and B in Fig 7. 
The circles on the W curves in Fig 9 
and 10 correspond to circles on the 
constant-state curves in Fig 5 and 7. 
Just as curve C in Fig 5 represents the 
effect of temperature on the strain that 
will produce state C, so curve W on the 
right side of Fig 9 represents the effect 
of temperature on the strain energy that 


will produce the same strength state. 
The similarity in form between the W 
curves in Fig 9 and 10 and the constant 
state curves in Fig 5 and 7 indicates 
that, for constant state, the variation 
of the strain energy with temperature 
is similar to the variation of the plastic 
strain. 

Curves W in Fig 9 and 10 represent 
the influence of temperature on the 
total strain energy. However, just as 
the influence of temperature on the 
flow stress involves a direct tempera- 
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FIG 11—Influence of the temperature of Monel and copper on the strain energy for constantstrain. 


ture factor and an intrinsic strength 
factor, so the influence of temperature 
on the strain energy involves the same 
two factors. The relative influence of 
the two factors varies greatly with the 
metal. When the yield stress varies 
greatly with temperature, the influence 
of the direct temperature factor is most 
prominent. Curves W’ have been de- 
veloped to represent the influence of 
temperature on the work-hardening 
energy, the energy that remains after 
allowance for the influence of the direct 
temperature factor. Although partial 
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allowance for this factor may be made 
by utilizing only part of the area be- 
neath a flow-stress curve, the part 
above the point representing the yield 
stress, the allowance thus made is in- 
complete. Complete allowance can be 
made by the method now to be de- 
scribed. Whereas curves W in Fig 9 are 
derived from the areas beneath Fo 
curves in Fig 5, curves W’ in Fig 9 are 
derived from areas beneath the L 
curves in Fig 5. The strain energy 
values represented by the symbols on 
curves W’ in Fig 9 correspond to the 


200 300 500°K 
l 


strain values indicated by symbols of 
the same kind on the horizontal lines 
representing strength states B and C in 
Fig 5. Curves W’, therefore, represent 
strain energy values derived from 
curves representing incipient flow at 
one temperature after strain at various 
temperatures. It should be emphasized 
that curves L in Fig 5 and 7 do not 
represent continuous flow. The ordi- 
nates of curves W’ in Fig 9 and 10, 
therefore, do not represent strain 
energies for continuous flow at room 
temperature. They represent merely 
the energy values obtained by making 
allowance for the influence of the 
direct-temperature factor on the strain 
energy, and thus obtaining values for 
what may be called work-hardening 
energy. Since the values for work- 
hardening energy represented by a W’ 
curve are relative to the total strain 
energy at room temperature, curve W’’ 
crosses curve W at the abscissa repre- 
senting room temperature (300°K). 
The values represented by a W’ curve 
thus are merely relative values. They 
have been desired for use in the follow- 
ing study of the relation between ap- 
plied energy and latent energy. 

The relation between the total 
strain energy and the latent energy in- 
duced by plastic strain has been inves- 
tigated by Taylor and Farren?® and 
by Taylor and Quinney.?! The metals 
used in their experiments were copper, 
annealed mild steel, and annealed 
decarburized mild steel. For various 
stages during plastic deformation of 
these metals the increments of applied 
energy and latent energy were deter- 
mined. With copper, the ratio of these 
increments (latent energy ratio) was 
about 9 pct throughout a wide range of 
plastic strain, but eventually de- 
creased rapidly to about 4 pct. With 
the mild steel, the ratio decreased 
continuously from about 13 to about 
7 pet. With the decarburized steel, 
the ratio decreased from about 10 to 
about 3 pct. With all three metals, 
however, the ratio of the total latent. 
energy to the total applied energy 
changed very little throughout a wide 
range of plastic strain, a range which 
was much greater for copper than for 
the steels. For a qualitative study of 
the influence of temperature of the 
latent energy ratio, it has seemed best 
to assume a ratio of 10 pct for Monel 
and copper at room temperature. This 
ratio, therefore, has been used in Fig 
9 and 10. 

Since each of the four W curves of 
Fig 9 and 10 represents the strain 
energy relation for constant intrinsic 
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strength, a reasonable assumption is 
that each curve also represents the 
strain energy relation for constant 
latent energy. Beneath each of the W 
curves, therefore, a horizontal line E 
has been drawn to represent the influ- 
ence of temperature on the latent 
energy EH. The constant ordinate of line 
E is one-tenth the ordinate of curve 
W at room temperature. Comparison 
of corresponding ordinates of line E and 
curves W and W’ shows that the 
latent energy ratios E/W and E/W’ 
increase greatly with decrease in tem- 
perature. The variation of these ratios 
with temperature is represented di- 
rectly by the curves in the lower di- 
vision of Fig 9 and 10. The influence of 
temperature on these ratios evidently 
is nearly the same for both Monel and 
copper in each strength state. More- 
over, comparison of these curves with 
the curves in the lower division of Fig 
8 shows that the variation of the latent 
energy ratio with temperature is simi- 
lar to the variation of the intrinsic 
strength ratio. The evidence indicates 
that the E/W ratio at —188°C is 
nearly three times the ratio at room 
temperature. If the ratio curves were 
extended to a point above room tem- 
perature, the steepness probably would 
begin to decrease. Moreover, above a 
certain temperature, the latent energy 
ratio would be affected by relaxation, 
and the influence of the strain rate on 
the ratio would become prominent. 

Curves H in Fig 9 and 10 represent 
the total heat per gram atom, that is, 
the integral of the variation of the 
atomic heat with temperature. This 
will be termed “‘internal heat”’ to dis- 
tinguish it from the part of the strain 
energy that is evolved as heat. Com- 
parison of curves W and W’ with curve 
H shows that the effect of temperature 
on the strain energy, for constant in- 
trinsic strength, is qualitatively similar 
to the effect of temperature on the 
internal heat. The greater the internal 
heat, the greater is the total strain 
energy required to produce constant 
intrinsic strength, and the greater is 
the outflow of energy as heat. In the 
middle division of Fig 9 and 10, the 
total strain energy, work hardening 
energy, and latent energy are repre- 
sented as superimposed on the internal 
heat. 

Fig 11 shows the influence of tem- 
perature on the energy relations for 
constant strain. Curves W and W’ in 
this figure have been derived from areas 
extending to the indicated abscissas 
beneath curves Fy and L in Fig 5 and 
7. Curves W and W’ in Fig 11 are 
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similar in form to curves Fy and L of 
Fig 8. This similarity would be ex- 
pected since each curve represents re- 
sults obtained with constant strain, and 
since the curves in both figures are de- 
rived from the Fy and L curves of Fig 
5 and 7. For constant plastic strain, 
therefore, the variation of the strain 
energy with temperature would be 
similar to the variation of the flow 
stress. Curves E in Fig 11 have been 
derived from the corresponding W 
curves by making the ordinate ratios 
for the two curves the same as the 
corresponding values of the latent 
energy ratio E/W, as represented by 
ordinates of the curves in the lower 
division of Fig 9 and 10. Curves E in 
Fig 11, therefore, are similar in form 
to curves L/W in Fig 9 and 10. They 
also are similar to the curves ISR of 
variation of the intrinsic strength ratio 
(Fig 8). 

In the lower division of Fig 11, the 
total strain energy, work hardening 
energy, and latent energy for constant 
strain are represented as superimposed 
on the internal heat. The curves thus 
obtained should be compared with the 
curves representing the superimposed 
energies for constant intrinsic strength 
(Fig 8). 

The diagrams in Fig 1 to 11 present 
various pictures of the influence of tem- 
perature on the stress-strain-energy 
relationship for metals that are practi- 
cally free from structural changes or 
relaxation within the range from room 
temperature to — 188°C. 


Conclusions 


1. The mechanical state of a metal 
depends not only on the total strain, 
but also on the temperature during the 
straining. 

2. With decrease in temperature the 
total strain required to produce a con- 
stant strength state decreases, while 
the ductility of many metals increases. 
By “strength state” or “intrinsic 
strength” is meant a condition of the 
metal, a property independent of 
temperature. 

3. The mechanical state which in- 
volves both strength and ductility can- 
not be held constant by varying the 
total strain with the temperature. 

4. The influence of temperature on 
the flow stress involves two factors: (1) 
A direct temperature effect; (2) the 
influence of temperature on the rate of 
increase of intrinsic strength with 
strain. The lower the temperature, the 
more rapid is the increase of intrinsic 
strength with strain. 


5. The effects of the direct tempera- 
ture factor and the intrinsic strength 
factor on the flow stress should be ex- 
pressed in terms of flow-stress ratios 
rather than flow-stress differences. The 
ratio of the flow stresses for the same 
total strain at two different tempera- 
tures is the product of two flow-stress 
ratios, one representing the direct tem- 
perature factor and the other repre- 
senting the intrinsic strength ratio. 

6. Both these factors can be deter- 
mined from a set of primary flow-stress 
curves and a corresponding set of sec- 
ondary curves, each representing the 
locus of incipient-flow stresses at a 
given temperature after various plastic 
strains at room temperature. 

7. By the use of the two factors so 
obtained other (tertiary) locus curves 
can be obtained, each representing 
incipient-flow stresses at one tempera- 
ture after various plastic strains at 
another temperature, either higher or 
lower. 

8. With plastic strain the intrinsic 
strength ratio increases continuously, 
but there is not much change in the 
direct temperature factor. 

9. The variation of the total strain 
energy with temperature involves the 
same two factors that affect the flow- 
stress. By making allowance for the in- 
fluence of the direct temperature factor 
it is possible to determine the influence 
of temperature on the work-hardening 
energy. 

10. The ratio of the latent energy 
induced by plastic strain to either the 
total strain energy or the work-harden- 
ing energy increases with decrease in 
temperature. The variation of the 
latent energy ratio with temperature is 
similar to the variation of the intrinsic 
strength ratio. 

11. For constant intrinsic strength 
(constant latent energy) the variation 
of either the total strain energy or the 
work-hardening energy with tempera- 
ture is qualitatively similar to the 
variation of the internal heat per gram 
atom, the integral of the variation of 
the atomic heat with temperature. The 
greater the internal heat, the greater is 
the total strain energy necessary to 
produce constant intrinsic strength, 
and the greater is the ouflow of energy 
as heat. 
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The Thermodynamical Treatment of Very Small Solid Solubilities 


LESTER GUTTMAN* 


The question of whether classical 
thermodynamics alone imposes any 
lower limit to solid solubilities was 
raised during a discussion among 
various members} of the Institute for 
the Study of Metals. Although our 
conclusions are not new,! they may be 
worth reiterating, since confusion on 
this subject seems to persist. 

In a binary system (A,B), the condi- 
tions for equilibrium, at constant pres- 
sure and temperature, between a solid 
solution and a liquid solution are 


[la] 
[1b] 


pas = pa! 
ups = pp! 


Here yu denotes the chemical potential 
either of component A or B, as shown 
by the subscripts, and the super- 
scripts s and / refer to the solid and 
liquid solutions, respectively. These 
two conditions are just sufficient to 
determine the compositions of both 
phases. Suppose, however, that the 
solid phase is found experimentally not 
to contain any of component B; then 
we cannot evaluate uz’, which is de- 
fined by 


ee (ek -) 
Re Ong nAS,P,T 


740... Metals Transactions, Vol. 185 


Here na‘ and nz are the number of 
mols of A and B, respectively, in the 
solid, whose free energy is FS. Eq 1b 
cannot be used, but it is no longer 
needed: we stated at the outset that 
the solid has the composition ‘‘pure 
A,” and only the liquid composition 
need now be determined, from Eq la. 
All the equilibrium properties of the 
system can be derived from Eq la 
rigorously and simply. Hence there is 
no purely thermodynamic reason to 
exclude phase diagrams which show 
precisely zero solid solubility. Marsh? 
has objected to such diagrams as im- 
plying that even the transformation of 
pure A begins at the eutectic tempera- 
ture. In any case, the user of the dia- 
gram must have a certain minimum 
knowledge of how to interpret it, and 
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it would seem simpler to remember the 
general rule that eutectic temperatures 
have no significance for pure compo- 
nents, rather than to show, say, by 
broken lines, on a scale which will often 
be exaggerated, a hypothetical solid- 
solubility about which we know only 
that it is less than a certain amount. 

The case of an intermetallic com- 
pound in equilibrium with a binary 
liquid solution does not require a sepa- 
rate treatment since nothing in the 
foregoing was dependent on the na- 
ture of the components. Therefore, 
thermodynamics alone does not exclude 
the possibility that (intermetallic) com- 
pounds may exist with compositions 
always precisely those given by their 
chemical formulas. 

With the aid of extra-thermodynamic 
methods, one may conclude that the 
solubility of one solid in another is 
never exactly zero. On the other hand, 
one would generally expect that the 
solubility will be small unless the com- 
ponents resemble one another (as do 
the metals), or form weakly-bound 
crystals. Therefore, it is useful to know 
that when there is no direct evidence 
for solid-solubility, one may neglect 
it without violating thermodynamic 
principles. 
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Kineties of the Reactions of 
Titanium with O.. N, and H, 
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EARL A. GULBRANSEN* and KENNETH F. ANDREW* 


Introduction 


In a recent communication" we have 
reported on the kinetics of the reactions 
of zirconium with O., N» and H; asa 
function of the time, temperature and 
pressure variables. A systematic study 
was made and the results correlated 
with fundamental theories of gas-metal 
reactions. This paper will present a 
similar study for titanium. 

Titanium and zirconium are mem- 
bers of the IV group of the periodic 
table and possess many similar physi- 
cal and chemical properties as a result 
of their similar electronic configuration 
for the outer electrons. The two metals 
are relatively inert to both gas and 
liquid phase corrosion at room tem- 
perature. However, at moderate tem- 
peratures the metals become active and 
react readily with the common gases 
including O., N»2 and H»2 which are of 
interest in this study. 

A study of the kinetics of these gas- 
metal reactions is of interest for three 
reasons: (1) to understand the rate of 
reaction of titanium and its role in the 
behavior of high temperature alloys; 
(2) to understand the practical diffi- 
culties of the reduction, refining and 
working of titanium; and (3) to cor- 
relate the data with fundamental 
theories of gas-metal reactions and 
crystal structure predictions. 


Literature Survey 


Several review papers’ and books‘? ** 
exist on the preparation and properties 
of titanium and its alloys. 


THE METAL 


Titanium has, at room temperature, 
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a hexagonal lattice of the zinc type. 
Hagg'® gives a value of 2.953A for the 
(a) axis, a value of 4.729 for the (c) 
axis and a density of 4.427 at 20°C. 
Burgers and Jacobs® have observed the 
transformation of the hexagonal to the 
body-centered cubic structure at 880°C 
and have established a value of 3.31 
for the cube edge and a density of 4.31. 


TITANIUM-OXYGEN 


Carpenter and Reavell® using a pres- 
sure change method have studied the 
reaction at temperatures of 742° and 
1000°C and for a pressure of one-fifth of 
an atmosphere. The probabilities for 
reaction are calculated from kinetic 
theory and they report a value of 10-* 
for O2 at 1000°C and 10-§ at 740°C. 

The titanium-oxygen system has 
been investigated by Ehrlich.1°" Five 
phases are observed. Between (TiO. 
and TiO ;.90) an alpha-phase, consisting 
of arutile lattice, is found. A beta-phase 
is observed between (TiO;.g30 and 
TiO;.7). A gamma-phase is homo- 
geneous between (Ti0;.55 and TiOy. 46) 
and has a structure of the corundum 
type. The delta-phase exists between 
TiO;.25 and TiOo., and has a sodium 
chloride structure. From TiOo.4. to Ti 
the metal structure is observed. 

The surface oxide films have been 
studied by Hickman and Gulbransen.*° 
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The rutile structure is observed in the 
temperature range studied, 300 to 
700°C, 

Three crystalline modifications of 
TiO, exist: rutile and anatase which 
are tetragonal and brookite which has 
an orthorhombic structure. Anatase is 
reported** to exist in two forms: I and 
II. Anatase IT changes to anatase I at 
642°C. Anatase I is stable up to 915°C 
where rutile becomes the stable modifi- 
cation. At 1300°C rutile transforms to 
brookite which melts at 1900°C. The 
monoxide, TiO, may be prepared from 
the dioxide by high temperature reduc- 
tion with carbon or magnesium. Its 
melting point is 1750°C. 


TITANIUM-NITROGEN 


Carpenter and Reavell® report that 
at 1000°C a linear rate law is observed. 
The probability of reaction is given as 
10-8 at 1000°C. Fast!? has studied the 
solubility of nitrogen and its effect on 
the mechanical properties of the metal. 

The crystal structure of TiN has 
been shown by several workers?*!;44 to 
follow the sodium chloride structure. 
However, the calculated density is 
found to differ from the pycnometric 
value. This is studied by Brager*-* in 
detail. He has suggested that the ti- 
tanium sites in the lattice are only par- 
tially filled at low temperatures. As the 
temperature of preparation is raised 
the vacant sites become occupied 
which expands the lattice and increases 
the hardness and density. An (a) value 
of 4.22A is given for room temperature. 


TITANIUM-HYDROGEN 


The solubility and the crystal struc- 
tures observed in this system have been 
reviewed in a recent book by Smith.*° 
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Table 1. . . Equilibrium Calculations on Titanium Reactions 


Reason ) 

1) Ti O 2 TiO2(s Z 

(3 F The) C8 ee) S TiO2(8) + TiC(s) 
(3) Ti(s) + 4N2(g) 2 TiN(s) 


(4) 3Ti(s) + 2CO(g) = TiO2(s) + 2TiC(s) 


5) Ti 2H.0(e) 2 TiOe(s) + 2H2(g) 
8 ay aH TOs) + 2COG) 
(2) Tils) -+ Cis) = TiC(s) 


Literature References 
24, 25, 26, 32, 35, 37 
CO: from 35 

24, 26, 27, 38 

CO from 35 

HO from 35 

CO2z and CO from 35 
24, 25, 26, 27, 35, 38 


(6) 


(1) (2) (3) (4) (5) 
H:.0 co 
12G —log Po, —log Poo —log pN2 —log Pco —log p EE —log p CO +log K 
33 
28.7 107.6 94.9 BYEAGS 32.8 41. 
200 ae 78 2 65.2 57.2 23.4 21.1 26.4 
400 64.8 52.8 43.7 37.9 16.1 15.0 hs 
600 48.3 39.1 S241 22.3 12.2 11.8 SS 
800 38.0 30.9 24.8 22.1 9.8 9.8 oa 
po ee ESS ee 


Systematic studies of the adsorption 
have been made by Huber, Kirschfeld 
and Sieverts?? and by Kirschfeld and 
Sieverts?? up to temperatures of 1000°C 
and at various pressures. The results 
show the formation of two phases of 
variable composition, an alpha and a 
beta phase. Hagg!? has made an X ray 
crystal structure investigation of this 
system. The alpha phase is found to 
have the same structure as titanium 
and is homogeneous up to 33 at. pet of 
hydrogen. The beta phase is homo- 
geneous from 50 at. pct to 66.7 and has 
a face-centered cubic structure. 


Equilibria Calculations on 
the Reactions of Titanium 
with Gases 


Titanium reacts with many of the 
common gases, with the exception of 
the inert gases, to form stable com- 
pounds. The chemical equilibria of 
these reactions may be calculated when 
the reaction products are TiO», TiN or 
TiC. Data on the free energy of forma- 
tion of the hydride are not available. 

Table I shows the reactions which 
are considered in this work together 
with the results and the literature 
references for each reaction. 

The logarithms of the gas pressure or 
pressure ratios are tabulated as a func- 
tion of the temperature in °C for the 
several reactions. For the reaction to 
form TiC the equilibrium constant K 
is tabulated. 

The results show the following: (1) 
TiO:, TiN and TiC are stable at all 
_ temperatures calculated in this study 
and from a thermodynamic point of 
view titanium will remove O., No, CO 
and CO, at the lowest pressures used in 
modern vacuum technology; (2) the 
reaction of water and carbon dioxide to 
form the oxide and hydrogen and 
carbon monoxide respectively are pos- 
sible up to 800°C and perhaps higher in 
vacuums of the order of 10-7 mm of Hg. 
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Apparatus and Method 


BALANCE 


The vacuum microbalance and aux- 
iliary equipment used for all of the 
kinetic measurements have been de- 
scribed.15.16 The sensitivity of the bal- 
ance is 0.86 divisions per microgram 
and the weight change can be estimated 
to 0.3 X 10-§ g. The balance zero 
point is constant and the instrument is 
insensitive to pressure and small 
changes in the temperature of the 
surroundings. 


VACUUM SYSTEM AND FURNACE 
TUBE 


The vacuum system and furnace 
tube have been described.!*:17 The sys- 
tem is constructed of ali glass and 
ceramic materials. The furnace tube is 
double walled and is made from syn- 
thetic zircon. Vacua of McLeod gauge 
pressures of 10-* mm or lower can be 
achieved with these tubes at tempera- 
tures of 1175°C and perhaps higher. 
The difficulties associated with and 
methods for the measurement of pres- 
sure in furnace tubes at high tempera- 
tures have been considered in another 
work.!7 


GAS PURIFICATION 


The purification of the oxygen, nitro- 
gen and hydrogen is the same as 
previously described.!* The source of 
nitrogen is specially purified nitrogen 
and is obtained from our Bloomfield 
Lamp Works. A mass spectrometer 
analyses of the gases used for the 
nitriding experiments showed oxygen 
to be present to about 0.01 pct (the 
limit of the sensitivity of the mass spec- 
trometer for the gas sample and pres- 
sure used). 


Method 


The methods used have been previ- 


ously described. 14151617 


SAMPLES 


Two types of titanium samples are 
used for the measurements: commercial 
titanium of approximately 99 pct 
purity with 0.77 pct of carbon, and 
iodide titanium. Both samples were ob- 
tained from the Remington Arms Co. 
Although no detailed analysis of the 
iodide titanium is available it is proba- 
bly of a high degree of purity. A spec- 
trographic analysis of the commercial 
titanium showed impurities of silicon 
and of iron. No quantitative spectro- 
graphic information is possible for these 
impurities since standards of known 
analysis are not available. 

The specimens are cut from 15 mil 
sheets of the metal and weigh 0.6840 g. 
They have surface areas of 9 to 10 cm?. 
The specimens, unless otherwise noted, 
were abraded starting with number one 
grit and finishing with 4/0 paper. The 
last two stages of the abrading are 
carried out under purified kerosene to 
minimize formation of oxide films. 


Diseussion of Results 


HIGH VACUUM REACTION 


The reaction of titanium in high 
vacua must be carefully considered if 
the metal is to be maintained in an 
essentially film free condition. This 
problem has been discussed in a previ- 
ous paper for the case of the zirconium 
reaction.!4 Titanium like zirconium 
acts as a getter for many gases at low 
pressures and elevated temperatures. 
This behavior makes the problem a 
difficult one. 

Due to the thermodynamic stability 
of TiO, it is impossible to reduce the 
oxide by hydrogen. Thus, the practical 
solution to maintaining the titanium 
in a film free condition is the use of the 
best high vacua possible. 

A number of studies show that ti- 
tanium can be heated to the reaction 
temperature without formation of 
further oxide or other films. If iodide 
titanium is heated, for example, in a ~ 
vacuum of 10-§ mm of Hg or lower no 
weight change of any kind is observed 
until a temperature of 550°C is 
reached. Above this temperature the 
specimen loses weight and at a tem- 
perature near 1000°C the rate of 
weight loss increases rapidly. This 
behavior is quite different from that 
observed for zirconium.'4 We conclude 
that titanium is not as efficient a 
getter as zirconium and that the metal 
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can be heated without further film 
formation. 


REACTION WITH OXYGEN 


The reaction is studied as a function 
of the time, temperature and pressure 
and the results are presented in Fig 1, 
2, 3 and 4. The weight gain in micro- 
grams per cm? is plotted against the 
time in minutes. Assuming the ratio of 
real to measured area to be unity and 
the oxide to be TiO.,”° the thickness of 
the film in Angstroms is 58.5 times the 
weight gain in micrograms per cm?. A 
scale of 1000A is marked on the curves. 


Time 


Fig 1 shows the time course of two 
oxidation experiments on commercial 
and iodide titanium at 550 and 600° 
respectively. A comparison is made 
with the oxidation reaction of iodide 
zirconium at 425°C. The oxygen pres- 
sure is 7.6 cm for all experiments. The 
iodide titanium reacts at a lower rate 
than commercial titanium. The com- 
parison with zirconium shows that 
titanium is less reactive at these 
temperatures. : 

The shapes of the oxidation curves 
are similar to those observed for other 
metals. A rapid reaction rate is ob- 
served in the early stages of the reac- 
tion which gradually decreases as the 
film thickens. In this sense the oxide 
film has protective properties. 


Time and Temperature 


Fig 2 shows the effect of temperature 
on the reaction over the temperature 
range of 250 to 600°C. A comparison of 
the 250°C curve with the 600°C curve 
shows a film thickness of 210A after 2 
hr of reaction at 250°C and a film of 
7300A at 600°C. 

The effect of temperature on the 
reaction rate is very marked and ap- 

pears to follow an exponential law. 


Time and Temperature Equations 


Three equations have been used ex- 


~-tensively to explain the time variation 
of the oxidation rate. These are: 


(1) the parabolic law**34,39,46 
W2= kKi+C 
(2) the logarithmic law 
t = B(ew/= — 1) and 


(3) the linear law W=kKk%+C 


In the above equation W refers to the 
weight gain, ¢ the time and K’, K, C,a 
and £@ are constants. 

In order to explain the temperature 
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FIG 1—Reaction of Ti and Zr with O» 7.6 cm O,. 
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FIG 2—Reaction of Ti with Oc. Effect of temp. 250-600°C. 


coefficient of the reaction rate Dunn? 
has applied the Arrhenius equation to 
the parabolic rate law constant K. 
Mott®* has interpreted the physical 
significance of the activation energy 
for the various types of diffusion 
process of ions and electrons through 
an oxide film. To further understand 
the significance of the temperature de- 
pendence one of the authors!’ has ap- 
plied the transition state theory! of 
chemical reactions and diffusion proc- 
esses to the oxidation reaction. The 
parabolic rate law constant is given by 
the equation: 


2kT. 


— —“"-)}2 pAS*/R e—E/RT 
h e é 


AS* and E are the entropy and 
energy of activation, A, the interatomic 
distance between diffusional states, k 
is Boltzman’s constant and h is 
Planck’s constant. The equation is 
useful since both AS* and E can be 
calculated. AS* is the probability or 
steric factor for a given reaction. 


Time and Temperature Correlation 


Plots of the weight gain vs. the 


logarithm of the time show smooth 
curves of increasing slopes and indicate 
that the logarithmic law does not hold. 
A study of Fig 2 shows that the linear 
rate law is not applicable for the condi- 
tions studied. 

Parabolic rate law plots are made for 
all of the data. In general the data 
deviate from the straight line during 
the initial stages of the reaction. How- 
ever, good agreement is observed after 
20 min. reaction time. This type of 
deviation has been predicted by Mott.*4 


Temperature Dependence and 
Activation Energy 


The temperature coefficient of the 
reaction rate is one of the most impor- 
tant quantities to evaluate. If the re- 
action can be related to a mechanism 
it is possible to correlate the tempera- 
ture coefficient of the reaction with an 
energy of activation. For the oxidation 
of titanium it is possible to calculate 
diffusion constants and an energy and 
entropy of activation since the data can 
be fitted to the parabolic rate law dur- 
ing a large part of the reaction. 

Fig 3 shows the parabolic rate law 
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constants K in units of cm? per sec 


1 : 
plotted against vid These parabolic rate 


law constants vary from 2.8 X 107" 


cm? per sec at 250°C to 6.27 XK 10M at 
600°C. In terms of Angstroms of film 
thickness, the above rates correspond 
to 1.7A per sec at 250°C to about 80A 
per sec at 600°C. The slopes are evalu- 
ated for the time range of 60 to 120 
min. 

Both commercial and iodide titanium 
experiments are included in Fig 3. Each 
group appears to fit a straight line re- 


lationship. The iodide titanium reacts 
at a slower rate. Below 350°C the data 
are scattered and the straight line re- 
lationship is no longer obeyed. An 
energy of activation of 26,000 cal per 
mol is calculated from the plot and the 
temperature independent factor e4S*/® 
evaluated from the expression derived 
for the parabolic rate law constant by 
the transition state theory. 

Table 2 shows the values for the 
parabolic rate law constants and diffu- 
sion constants and the entropies, ener- 
gies and free energies of activation of 


FIG 3—Reaction of Ti with O» log K vs u 
250-600°C. 
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FIG 4—Reaction of Ti with O». Effect of pressure at 550°C. 


Table 2... Parabolic Rate Constants and Diffusion Constants Entropies, 
Energies and Free Energies of Activation for the Oxidation Process 


 AS* 
PC Mew D E TAS* AF* 
BOE UR LES CEG ed NOISY ee Cal per mol | Cal per mol | Cal per mol 

350 0.190 X 10-4} 1.34 x 10-6 —18.0 26,000 = : 

400 0.667 X 10-14| 0.98 x 10-6 —18.8 26,000 = 12 160 30100 
450 2.43 X10-14| 0.921 X 10-8|_ —19.0 26,000 — 13.700 39,700 
500 7.70 X10-14| 0.925 X 10-8]  —19.1 26,000 — 14,800 40,800 
550 |24.73 X 10-14 | 1.048 X 10-8] —19.0 26,000 — 15,600 41,600 
600 62.7 xX 10-14 | 1.048% 10-6] —1011 26,000 —16.700 42°700 
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the rate determining process. The K 
values are related to thickness by the 
use of the density of the oxide and the 
stoichiometric ratio of oxygen in the 
oxide. A surface roughness ratio of 1 is 
assumed. 

The energy of activation of 26,000 
cal per mol is higher than the value 
observed for the oxidation of zir- 
conium,!‘ namely 18,200. The entropies 
of activation are less negative than 
those observed for the oxidation of zir- 
conium. AS* varies from —18.0~to 
—19.1 cal per mol per °C for titanium 
oxidation while values of —23.1 to 
—25.2 are obtained for the zirconium 
reaction. 

A comparison of the reaction rate at 
400°C shows a parabolic rate constant 
K of 0.667 X 10-14 cm? per sec for the 
titanium oxidation and a K of 13.20 
x 10-14 cm? per sec for the zirconium 
reaction. Iron at the same temperature 
has a K value of 0.409 < 10-14 cm? per 
sec or roughly equivalent to the ti- 
tanium rate. 


Calculation of Diffusion Constants 


Let us assume with Wagner*’ and 
Mott*? that the metal ions are diffusing 
through the oxide lattice together with 
electrons by one mechanism or another. 
If this is done we can calculate the dif- 
fusion constant K from the-parabolic 
rate law constants of the expression, 
D = K/2. Thus, at 400°C, the value 
of D is calculated to be 0.334 « 10-14 
cm? per sec and at 600°C a value of 
3.14 X 10-8 cm? per sec. These values 
represent the coefficient of self diffusion 
of titanium in its oxide. 

The mechanisms for self diffusion of 
titanium are as follows: (1) formation 
and diffusion of interstitial titanium 
ions and (2) formation and diffusion of 
titanium defects (absence of titanium 
ion in lattice). Calculations by Hunt- 
ington and Seitz?* have shown that for 
copper the diffusion of lattice defects is 
the more probable process. It is at 
present difficult to choose between the 
above mechanisms for titanium oxide 


’ since calculations have not been made 


for systems closely analogous to this 
one. However, the activation energy 
must be associated with the formation 
and diffusion of either interstitial ions 
or lattice defects. 


Pressure Effect 


The effect of pressure on the reaction 
at 550°C is shown in Fig 4. The pressure 
is varied by a factor of 100 from 7.6 cm 
to 0.76 cm of oxygen. The effect is 
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largest for the thin film range. No sim- 
ple relationship with the pressure has 
been determined. We conclude that the 
effect of pressure on the reaction rate is 
minor for the temperature and pressure 
range studied. This small effect is in 
agreement with the mechanism of 
metal ion diffusion. If oxygen atoms or 
ions diffuse through the film one might 
expect the rate to follow a square root 
function of the pressure for some pres- 
sure and temperature conditions. 


REACTION WITH NITROGEN 


The difficulties associated with the 
study of the kinetics of the nitrogen re- 
action on zirconium have been discussed 
in a previous paper.!* These difficulties 
are the prevention of the high vacuum 
reaction with oxygen, water vapor, and 
others, and the prevention of secondary 
reactions by elimination of the impuri- 
ties such as oxygen, hydrogen, and 
others in the nitrogen. 

In this section the reactions of com- 
mercial titanium with purified lamp 
grade of nitrogen are studied in detail 
as a function of time, temperature and 
pressure. 

The results are shown in Fig 5-8 and 
discussed in the following subsections. 
In all of the figures the weight gain in 
micrograms per cm? is plotted against 
the time and, where necessary, the 
temperature is given at the top of the 
graph. 


Comparison of Nitrogen Reaction on 
Titanium and Zirconium 


Fig 5 shows a comparison of the 
nitrogen reactions of the two prepara- 
tions of titanium with the correspond- 
ing reaction for zirconium. The time 
course of the reactions for the iodide 
preparations of the two metals are 
practically identical at 600°C. The 
commercial preparation of titanium 
reacts at a greater rate. A purified lamp 
grade of nitrogen is used. 


Time and Temperature 


Fig 6 shows the time course of the 
reaction of commercial titanium with 
pure nitrogen for several temperatures. 
The reaction rate decreases as the reac- 
tion proceeds. The effect of tempera- 
ture on the reaction rate is uniform and 
the rate of reaction appears to be an 
exponential function of the tempera- 
ture. At 850°C a total reaction of 158 
micrograms per cm? is found after 2 hr 
of reaction while at 550°C a total reac- 
tion of 6 micrograms per cm? is 
observed. 
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The shapes of the time curves are very 
similar to what one observes for the oxi- 
dation reaction. This leads one to apply 
the parabolic rate law expression to the 
nitride data. A plot of the square of the 
weight gain shows a straight line over 
the complete thickness range and indi- 
cates that the rate law W? = Kt ex- 
plains empirically the time course of 
the reaction. It is of interest to see if 
this rate law can be placed on a reason- 
able physical basis. 

Van Liempt?® in a study of the de- 
gassing of metals has solved the diffu- 
sion equation using an approximation 
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method. The same method may be used 
for the reverse adsorption process. Van 


Liempt’s equation is Q/Q) = Syne 
adit om 


where Q is the quantity of gas evolved 
or taken up at any time 1, Qo, the origi- 
nal quantity of gas in the metal, and 
D, the diffusion coefficient. This ex- 
pression gives the parabolic rate law, 
aa = K ~/t. The temperature is in- 
volved in the solubility Wy and in K 
which involves the diffusion constant 
D. Since both Wo and K are tempera- 
ture dependent it is impossible until 
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FIG 5—Reaction of Ti and Zr with pure N2 600°C. 
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FIG 6—Reaction of Ti with pure N2 550-850°C. 
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data on Wp, are available to calculate 
D and the energy of activation FE al- 
though an empirical energy of activa- 
tion may be calculated. 

Table 3 shows the values of the para- 
bolic rate law constants for the tem- 
perature range of 550 to 850°C and Fig 
7 shows a logarithmic plot of the para- 


; 3 1 
bolic rate law constant against T A 


straight line is found for the tempera- 
ture range of 550 to 850°C. An empiri- 
cal energy of activation of 36,300 cal 
per mol is calculated. This can be com- 
pared to a value of 39,200 cal per mol 
obtained for the corresponding reaction 
with zirconium. This value is consider- 
ably higher than the energies of 
activation found for the oxidation proc- 
ess on most metals. 


Table 3... Parabolic Rate Law 
Constants Reaction Comm. 


Titanium with Nitrogen 
ple enn se ag 2 Tr ees Sa 


k 
1 eS 
°, 1O — 
URE, T°K T xX 103 (g per cm?)2 
per sec. 
550 823 1.2151 Bie Ole! Oneae 
600 873 1.1453 PRA NS Ke 
700 973 1.0276 Day S< Ne 
775 1048 0.9542 LOSS 1052 
800 1073 0.9329 1.460 X 10-2 
850 1123 0.8904 3.2 <I 
E = 36,300 cal per mol 


Pressure 


Fig 8 shows the effect of pressure on 
the time course of the nitride reaction 
at a temperature of 800°C. The pres- 
sure is varied from 7.6 cm to 0.076 cm, 
or by a factor of 100. Although the rate 
of reaction does vary with pressure the 
overall effect is small when compared 
to the predictions of the linear or square 
root law. 

The influence of pressure on the 
permeability of metals to gases has 
been discussed by Barrer! and by the 
authors in a previous paper.!4 Two 
possible permeation rate-pressure equa- 
tions have been used to explain the 
data. These are: (1) the linear rate law 
which is based on a mechanism of ac- 
tivated diffusion without dissociation 
and (2) the square root law which is 
based on a mechanism of activated 
diffusion with dissociation. The second 
type usually accounts for the permea- 
tion of gases through metals. 

The pressure dependence of the reac- 
tion rate is not explained by either of 
the rate expressions. This indicates that 
the solubility term Wp» is not pressure 
dependent. A similar result is found 
for the nitrogen reaction on zirconium." 
One explanation is that a nitride film is 
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formed on the metal and that this film 
dissolves into the metal, the thickness 
of this film depending upon the rela- 
tive rates of reaction and_ solution. 
This nitride film is not observed by 
visual and electron diffraction studies 
after removing the nitrogen and cooling 
at room temperature. The presence of 
the nitride film prevents the gas pres- 
sure from éxerting its normal effect on 
the solubility. 


REACTION WITH HYDROGEN 


The reaction is studied as a function 
of time, temperature and pressure and 
a comparison is made with the hydro- 
gen reaction on zirconium. The sta- 
bility of the reaction product is studied 
as a function of the temperature under 
high vacuum conditions. Fig 9 to 14 
show the results. The hydrogen is pre- 
pared by diffusion through a palladium 
tube after a preliminary purification. 


Fig 9 shows a preliminary study of 
the reaction of commercial titanium 
with hydrogen at 2.0 cm pressure as a 
function of the temperature. The reac- 
tion appears to start at a temperature 
of about 290°C and the rate of reaction 
increases rapidly with temperature. 
Visual and electron diffraction analyses 
of the specimen showed no evidence of 
a surface film after cooling and it is 
assumed that the hydrogen is dissolv- 
ing in the metal to form a compound or 
stable complex. The specimen loses 
weight on evacuating the hydrogen at- 
mosphere. This indicates that the reac- 
tion product is unstable to a vacuum 
of 10-§ mm of Hg at a temperature of 
400°C. This will be discussed in more 
detail later. 


Time and Temperature 


It is of interest to examine the time 
behavior of the reaction rate. Typical 
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FIG 8—Reaction of Ti with pure No». Effect of pressure 800°C. 
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FIG 9—Reaction of Ti with H: and stability of hydride. 
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FIG 10—Reaction of Ti with H2. Effect of temperature. 
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curves are shown for commercial ti- 
tanium in Fig 10 for temperatures of 
250 to 300°C. At temperatures of 250°C 


: dw. ; 
the reaction rate “aq 3S constant with 


time. At a temperature of 300°C the 


" dW ., s 
reaction rate “ae Increases with the 


time. Some difficulty is observed in ob- 
taining reproducible results. This may 
be due to the high sensitivity of the 
hydrogen type of reaction to impurities 
in the metal, to the presence of surface 
film, and to the lack of uniform metal 
specimens. 

The shape of the time curves indicate 
that the reaction does not obey the 
parabolic rate law which is predicted by 
the equation of van Liempt*® and dis- 
cussed on p. 745. If it is considered 


160 


that cracks and blisters are forming in 
the metal during reaction, the time 
course of the reaction cannot be ex- 
pected to follow the parabolic law. 

The 300°C curve after 2 hr of reac- 
tion shows a hydrogen uptake corre- 
sponding to the formula TiHo.43. 
Hagg?® has shown that titanium will 
take up hydrogen to 66.7 at. pct or to 
a formula TiH, We have not at- 
temped to check this value. 

A comparison of the reactions of ti- 
tanium and zirconium with hydrogen is 
shown in Fig 11. Both the iodide and 
commercial forms of titanium react 
more rapidly than the iodide form of 
zirconium. The shapes of the curves are 


‘ é dw 
different in the sense that aE: decreases 


with time in the zirconium reaction 
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FIG 11—Reaction of Ti and Zr with H: 300°C 2.1 cm Hao. 
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FIG 12—Reaction of Ti with H2. Effect of pressure. 
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FIG 13—Reaction of Ti with Hz, Plot of * vs P 2975°C. 
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and increases in the titanium reaction. 
In regard to the hydrogen reaction 
titanium appears to react more rapidly 
on a simple weight gain basis than 
zirconium, 


Temperature 


A study of the reaction with hydro- 
gen as a function of the temperature is 
necessary if the details of the reaction 
mechanism are to be worked out. How- 
ever, the data are not of sufficient 
reproducibility to give a good value for 
the temperature coefficient. Qualita- 
tively, very little reaction occurs at 
250°C while at 300°C a very rapid re- 
action is observed. 


Pressure 


The permeation of gases through 
metals has been summarized by Barrer! 
and discussed briefly here, under 
“Reaction with Nitrogen.” If the reac- 
tion is limited by a process involving 
activated diffusion with dissociation of 
the hydrogen molecules the reaction 
rate may be expressed by the following: 


dW , 
Kee as Y% p—b/T 

7 kp” e*/T, 

This formula predicts that at constant 
temperature the reaction rate should 
follow the expression: 


dW ~ 
ae = Ap”. 


Fig 12 shows the effect of pressure on 
the reaction rate at 275°C for a pressure 
range of 6.0 cm to 0.1 cm of H». The 
reaction is very sensitive to pressure 
although the 2.2 cm experiments are in 
disagreement with each other. The 
pressure effect. for the hydrogen reac- 
tion is very different from the pressure 
effect in the nitrogen reaction. 

Fig 13 shows a plot of the initial reac- 


tion rates om as a function of the 

square root of the pressure. The two 
dWw 

values of aT for the 2.2 cm pressure 


are averaged and included in the plot. 
Fair agreement with the square root 
law is found. This correlation shows 
that the diffusion of hydrogen into the 
metal is mainly by atoms of hydrogen 
rather than molecules and confirms the 
square root law. 


Stability 


Fig 14 shows the stability of the hy- 
drogen complex with titanium as a 
function of temperature in a vacuum 
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FIG 14—Reaction of Ti with H. 275°C 2.2 cm Hp» 
stability curve. 


of 10-§ mm of Hg. Hydrogen is added 
to titanium at a temperature of 275°C 
and a pressure of 2.2 cm of H». The 
reaction product is stable at 275°C in 
a vacuum of 10-§ mm of Hg. The tem- 
perature is gradually raised. At a tem- 
perature of about 350°C the hydrogen 
starts to be evolved. All of the hydro- 
gen is removed from the metal if the 
heating is continued. This experiment 
confirms the results shown in Fig 9. At 
400°C in this experiment the hydrogen 
is evolved at an appreciable rate. A 
comparison may be made with the 
stability of the zirconium-hydrogen 
reaction product.!4 In that case hydro- 
gen started to be evolved at a tempera- 
ture of about 435°C. This indicates 
that the titanium-hydrogen complex is 
less stable than the corresponding zir- 
conium-hydrogen complex. 


Conclusions 


A study of the thermodynamic 
equilibria of the several gas phase 
reactions of titanium with oxygen, 
nitrogen, water vapor, carbon monox- 
ide and carbon dioxide show the follow- 
ing results: (1) TiO», TiN and TiC are 
stable at all temperatures up to the 
transition temperature calculated in 
this study; (2) from a thermodynamic 
point of view titanium will remove Os», 
No, CO and CO; at the lowest pressures 
used in high vacuum technique; and 
(3) the reactions of water and carbon 
dioxide to form the oxide and hydrogen 
and carbon monoxide respectively are 
possible up to 800°C and_ perhaps 


higher in vacuums of the order of 10-7 


mm of Hg. 

The oxidation reaction follows a 
modified parabolic rate law. An energy 
of activation of 26,000 cal per mol is 
calculated from the temperature de- 
pendence of the parabolic rate law 
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constants. Diffusion coefficients and 
entropies of activation for the reaction 
process are calculated. The oxygen 
reaction is found to be insensitive to 
pressure. 

The nitrogen reaction is of special 
interest. The time course of the reac- 
tion can~be fitted empirically to a 
parabolic rate law. The temperature 
dependence of the parabolic rate law 
constants is used to calculate an em- 
pirical energy of activation of 36,300 
cal per mol. The effect of pressure is 
small. The nature of the reaction is be- 
lieved to be one involving the solution 
of nitride into the metal under the 
conditions of a nitride film present on 
the surface. The nitride is found to be 
stable to temperatures of at least 
900°C. 

The reaction with hydrogen obeys 
the square root of pressure law. In con- 
trast to the nitrogen reaction a film is 
not formed during the reaction and it 
is shown that hydrogen is probably 
diffusing into the titanium lattice as 
atoms. The hydrogen reaction product 
is stable in a vacuum of 10-* mm of 
Hg to a temperature of about 350°C. 
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The interstitial phases formed by 
the transition elements with carbon, 
nitrogen and boron constitute a unique 
class of substances which are of con- 
siderable technical interest because of 
their well developed metallic properties 
and their high hardness and melting 
points. They are also of interest from 
the point of view of structure. 

It was pointed out by Hagg! some 
years ago that the principal factor 
determining these structures was the 
relative sizes of metal and metalloid 
atoms. He predicted that if the ratio 
of the radii of metalloid to metal atoms 
was less than 0.59, the metal atoms 
would be arranged in a close-packed 
fashion of relatively simple type. This 
prediction has been amply confirmed. 
It appears, however, that this specifi- 
cation applies most generally to those 
structures in which the metalloid 
atoms occupy isolated positions in the 
lattice and there is no tendency for 
strong binding between the metalloid 
atoms themselves. The series of borides 
of the type MeB, formed from the 
transition elements of the fourth 
(Ti, Zr) and fifth (V, Cb, Ta) groups 
of the periodic table provide an oppor- 
tunity to investigate this situation 
further. If one takes as a basis the 
radius of 0.87 A for the boron radius 
and the Goldschmidt values for the 
metal atoms in 12 coordination, then 
the radius ratio varies from 0.54 for 
zirconium to 0.64 for vanadium, which 
latter is considerably greater than 
Hagg’s limit of 0.59. It was of interest, 
therefore, to see if these five elements 
would form borides of the MeB, 
type and have simple isomorphous 
structures. 
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When this investigation was initi- 
ated, relatively little information had 
been published on the structure of this 
group of borides. McKenna? reported 
the preparation of ZrB» by a carbon 
reduction process. Its structure was 
hexagonal and the approximate lattice 
constants were given as a = 3.15 A, 
c = 3.53 A. Ehrlich* reported the 
structure of TiB» as being of the C 32 
type with a = 3.02, ¢ = 3.21 and 
c/a = 1.06 A. Recently, Kiessling* 
published the results on ZrB», showing 
it to be one in which the metal atoms 
are arranged in a simple hexagonal lat- 
tice with the boron atoms in flat 
sheets, midway between the layers of 
metal atoms. The structure is C 32 
type with a = 3.169, c = 3.530 and an 
axial ratio = 1.11 A. He also states 
that CbB, and TaB, are isomorphous 
with ZrB». 


Preparation of Borides 


The borides of titanium, zirconium, 
columbium and tantalum were made by 
the electrolysis of fused salt baths after 
the method described by Andrieux.® 
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The bath, totalling about 6500 g in 
each case had the following general 
composition: Metal Oxide + B,0; + 
CaO + CaF,. The actual proportions 
of the ingredients were determined for 
each individual case. 

Although Andrieux reports the prep- 
aration of vanadium boride by the 
same electrolytic method, several at- 
tempts proved unsuccessful. However, 
it was possible to prepare VB» by the 
carbon reduction method used by 
McKenna to produce ZrB». The mix- 
ture consisted of V.0; + 6B,03; + 11C 
and the reduction was carried out in an 
induction heated graphite crucible. 
This method proved satisfactory for 
ZrB, and TiB, and undoubtedly the 
others could be made in the same way. 

The borides, which were all in the 
form of fine gray metallic crystals from 
the electrolytic bath or gray powders 
from the reduction process, were care- 
fully separated from other constituents 
and analyzed chemically for metal and 
boron content. The densities of the 
boride powders were measured using a 
standard 10 cc pycnometer at 18°C and 
ethyl benzene proved to be the most 
satisfactory liquid for this purpose. 


X Ray Technique 


The boride crystals, as prepared, 
were too small for single crystal ex- 
amination so that powder techniques 
were employed. Patterns of the finely 
ground borides were prepared, using 
the Norelco recording X ray spec- 
trometer. The lines on these patterns 
were indexed with the aid of Hull-Davy 
charts and the approximate dimensions 
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FIG 1—The unit cell of MeB, (C 32 type). 


The open circles are metal atoms and the 


shaded circles are boron. 


of the unit cell obtained. Patterns were 
also made on the Phragmen focussing 
camera covering the angular range from 
50 to 85°. It was found possible to 
index these lines readily and the cell 
constants were calculated more accu- 
rately. In order to prove the assumed 
structure, the density was calculated 
from the X ray data and compared 
with the measured density. Also, the 
diffraction line intensities were calcu- 
lated and compared with those meas- 
ured from the spectrometer records. 

All lattice dimensions are reported in 
true Angstrom units and are con- 
sidered correct within +0.002 A. 
Copper K alpha radiation was used 
throughout and the wavelengths used 
in the calculations were: 


1.54050 A 
1.54434 A 


ay 
Qe 


In calculating densities, the expres- 
sion 


ZA 
p = 1.66020 TT 


was used, where 
p = density 

DA = sum of at. wt of atomsin unit cell 
V = volume of unit cell in A? 


Results 


The borides of titanium and _ zir- 
conium proved to be quite pure, possi- 
bly because there was a considerable 
background of experience in their 
preparation and they were made in 
considerable quantities. The other 
three borides were somewhat less pure 
as indicated by a few faint extra lines 
in the diffraction patterns and by the 
chemical analysis. These impurities 
consisted of graphite and constituents 
of the electrolytic bath and it was diffi- 
cult to make a complete separation. 
The diffraction lines of ZrB,, TiB, and 
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FIG 2—Sheets of metal atoms (A) and 
boron atoms (B) in the MeB, crystal. 


In each case the unit cell is outlined. 


Table 1... Chemical Composition 
of Borides, Wt Pct 


By Analysis hegre for 


Me B 


NOPHA 


2... Lattice Constants and 
Density of Borides 


Lattice Constants, A Density, @ jth 


Sub- 
stance 

a c c/a Cale. Obs. 
ZrBz | 3.170 | 3.533} 1.114 6.09 6.17 
CbBz2 | 3.086 | 3.306 | 1.071 ie 20 6.60 
TaBz | 3.088 | 3.241 | 1.074 | 12.60 | 11.70 
TiBs | 3.028 | 3.228 | 1.064 4.52 4,52 
VBz | 2.998 | 3.057 | 1.020 5.10 4.61 


VB, were sharp but those of CbB, and 
TaB, were somewhat diffuse. Further 
work is necessary in order to decide 
whether or not this is an indication of 
a range of homogeneity. 

The chemical analyses givenin Table 
1 show clearly, however, that the 
borides correspond to the formula 
MeB;. The X ray diffraction data for 
all five borides is in complete agreement 
with a structure in which the metal 
atoms are arranged in a simple hexag- 
onal lattice having an axial ratio 
slightly greater than unity. The lattice 
constants decrease with decreasing 
atom size and the axial ratio also de- 
creases slightly. The lattice constants 
and densities are given in Table 2. 
The structure, therefore, corresponds 
to space group D!,, — C6/mmm with 
metal atoms at O, O, O; and boron 


atoms at 14, 24, 14; and %, 14, 4. This 
is in agreement with Kiessling’s results 
and shows that the five borides are 
indeed isomorphous. 


Discussion of Results 


From the structure as shown in Fig 1 
it will be seen that the fundamental 
unit is a triangular prism of metal 
atoms with a boron atom at the center 
and that the prisms are packed to- 
gether so as to share faces. From an- 
other point of view, the metal atoms 
are arranged in layers, parallel to the 
basal plane with the atoms in each 
layer having a close-packed arrange- 
ment, each metal atom with six equi- 
distant neighbors in the plane and two 
neighbors, above and below, at slightly 
greater distance. The boron atoms are 
also arranged in flat sheets midway be- 
tween the metal atom layers and each 
boron atom has three close neighbors. 
This is indicated in Fig 2. It thus ap- 
pears that there would be strong boron- 
boron binding in such a structure. 

From the point of view of close- 
packed interstitial structures, it is of 
interest to observe how the lattice 
dimensions change with metal atom 


Table 3... . Calculated Lattice 


. . . Pe 
Dimensions in A 
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size and these values, given in Table 3, 
afford some basis for speculation. All 
of these dimensions decrease with de- 
creasing metal atom size. Perhaps it is 
simplest to consider the two extreme 
cases. In ZrBo, the distance of closest 
approach (D.C.A.) of the metal atoms 
in the metal atom sheet is the same as 
is the case in metallic zirconium. The 
hole in which the boron atom is placed 
is limited in size both by the neighbor- 
ing boron atoms and by the metal 
atoms. This hole is larger than the nor- 
mal boron radius of 0.87 A but it 
appears that the boron atom must fill 
it, first because this is generally true in 
interstitial phases and secondly be- 
cause the separation of the metal atom 
sheets is considerably greater than 
would be expected from the metal 
atoms alone. A boron radius of about 
0.92 A is consistent with this structure. 
The metal atoms are in contact with 
one another in the sheet and the boron 
atoms are in contact with one another 
and with their metal neighbors giving 
a close packed arrangement. 

On the other hand, in VB, the 
D.C.A. of the vanadium atoms in the 
metal sheet is considerably greater than 
in vanadium metal. If the metal sheet 
is close packed, the boron hole is 
limited by the metal atoms to a radius 
of about 0.81 A which probably is too 
small. If the vanadium atoms are not 
closely packed and have the same size 
as in the metal, then the boron hole is 
limited to a radius of 0.87 A by the 
boron neighbors and by the metal 
neighbors to about 0.91 A. Thus it 
seems again as if the boron atoms are 
essentially in contact with both metal 
and boron neighbors but that the pack- 
ing in the metal sheets has been 
loosened and as a result, the separation 
of the metal sheets has decreased. 
Kiessling* has reported that CrBz2 is 
isomorphous with the borides discussed 
here and it would be very interesting 
to know the lattice constants, for 
chromium is considerably smaller than 
vanadium and the radius ratio is 0.68. 

The results show that there is no 
discontinuity in the series as the critical 
value of 0.59 for the radius ratio is 
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Table 4... . Electrical and Thermal 


Properties of Borides 


a ee 
oe 
Electrical eee ° 
peed. eee ity Cilia Cai hibit So 
C teas ms per Sec °C. |} Ratio < 108 
at 200°C 
Avg 
ZrB2 38.8 0.0550 213 
TiB2 28.4 0.0624 179 


exceeded and emphasizes the fact that 
this limiting value should be considered 
specific only for phases in which the 
metalloid atoms are in isolated posi- 
tions. That the radius ratio is not the 
only factor controlling structure is 
shown by the fact that tungsten and 
molybdenum, as shown by Kiessling,‘ 
do not form borides which are iso- 
morphous with the series discussed here 
although the radius ratio has a value 
of 0.62. A similar situation exists in the 
monocarbides. 

In view of the apparent boron to 
boron binding, it might be expected 
that the borides would be less metallic 
than, for instance, the carbides. How- 
ever, this does not appear to be the 
case. Electrical and thermal conduc- 
tivity measurements were made on 
ZrB, and TiB, in the form of bars 
sintered without binder to about 85 
pet of theoretical density. The values 
are given in Table 4. It will be ob- 
served that the properties are excellent 
and in fact compare favorably with the 
pure metals themselves. Also, the 
Wiedemann-Franz ratio is quite nor- 
mal. This indicates that normal metallic 
linkages predominate. When sufficient 
quantities of the other pure borides are 
available, these experiments will be 
extended. 

Another interesting aspect of the 
borides is the possibility of metal atom 
replacement to form solid solutions. On 
the basis of limited experiments on the 
series ZrB.-TiB, it appears that a con- 
tinuous series of solid solutions can be 
formed, when the borides are mixed 
and heated together and that the lat- 
tice constants deviate only slightly in a 
negative direction from Vegard’s Law. 
These experiments are also being 
extended. 


Summary 


1. The borides of Ti, Zr, V, Cb and 
Ta corresponding to the formula MeB, 
have isomorphous crystal structures 


-with the metal atoms arranged in a 


simple hexagonal lattice having an 
axial ratio slightly greater than unity. 

2. The structure is of the C 32 type, 
space group D!,, — C6 mmm, with 
metal atoms at O, O, O and boron 
atoms at 14, 24, 19 and %, \%, WW. 

3. The unit cell contains one mole- 
cule of MeB». 

4. This structure corresponds to 
alternate layers of metal and boron 
atoms, parallel to the basal plane of the 
lattice. 

5. As the metal atom size increases, 
both a and ¢ dimensions of the lattice 
increase and the axial ratio also in- 
creases slightly. 

6. The borides have well developed 
metallic properties. 
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Introduction 


Knowledge of the diffusivity of car- 
bon in the low temperature form of iron 
(alpha iron existing below 910°C) is at 
the moment of considerable interest in 
the study of the decomposition of 
austenite and martensite, the elastic 
after-effect,!,2.> the magnetic after-ef- 
fect‘ and the decarburization of steel 
below 910°C. Information on the solu- 
bility of carbon in iron, and to a lesser 
extent its diffusion, is also important 
in consideration of such phenomena 
as blue-brittleness, temper-brittleness, 
““magnetic’’ aging, quench-aging, 
strain-aging, and possibly the yield 
point. In order to obtain more informa- 
tion on these subjects more funda- 
mental knowledge is necessary. It is the 
purpose of this work to present data on 
the diffusion and solubility of carbon 
in the alpha iron. 

The high temperature form of iron 
(gamma; face-centered cubic) existing 
above 910°C is capable of dissolving 
relatively large amounts of carbon, up 
to 1.7 pet at 1130°C, while the low 
temperature form (alpha, body-cen- 
tered cubic) existing below 910° dis- 
solves only a limited maximum amount 
of less than 0.02 pct carbon at 725°C, 
according to data obtained here. Since 
the solubility of carbon in the face- 
centered or gamma iron is large, rela- 
tively speaking, no great analytical 
difficulties have been encountered in 
the determination of the. solubility 
lines* or of the diffusion of carbon.® 
The limited solubility of carbon in 
alpha iron offers difficulties because 
experimental procedures and analyti- 
cal methods for low carbon contents 
below say 0.01 pct have to be more 
refined than techniques used for work 
with gamma iron. Because of the diffi- 
culties of applying conventional meth- 
ods to the determination of the diffusion 
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of carbon in alpha iron, virtually no 
work has been done on this subject. 
However, by proper refinement of the 
analytical method for small amounts of 
carbon, the determination of the diffu- 
sion coefficient can be made readily 
using modified procedures. 

The solubility of carbon in alpha iron 
has been determined over a tempera- 
ture range by various investigators, but 
the agreement among them is poor. The 
present investigation establishes the 
limits quite accurately. Information of 
this kind is useful in establishing the 
correctness of equilibrium diagrams 
but, more significantly, such informa- 
tion on maximum solubilities, espe- 
cially when extended to alloyed ferrites, 
should be extremely important in the 
study of aging and related phenomena. 


Literature 


The literature existing on the dif- 
fusion, in particular, and on the solu- 
bility of carbon in alpha iron is not 
extensive. The data which exist are not 
of a high order of accuracy, much of 
them being in the realm of conjecture. 


THE DIFFUSION OF CARBON IN 
ALPHA IRON 


Whiteley’ made the qualitative ob- 
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servation, using metallographic tech- 
niques, that the rate of diffusion of 
carbon at the A; (725°C) point was 
very rapid and that its diffusion was 
still rapid at 550°C, 

Snoek,‘ studying the magnetic after- 
effect in high purity iron, arrived at the 
conclusion that the after-effect could 
be explained by the presence of small 
amounts of carbon diffusing under the 
influence of magnetostrictive strain 
(lattice distortion due to magnetic 
interaction). 

In later work, Snoek® made an esti- 
mate of the ratio of carbon diffusion in 
alpha to its diffusion in gamma iron, 
and concluded that for a temperature 
of 910°C the ratio of D,/D, was 2600. 
Polder,’ basing his calculations of D 
on relaxation phenomena in the elastic 
after-effect, estimated that D, is about 
14g of D, at 910°C (1183°K) and is 
about %2 of D, at 727°C (1000°K). 
Polder’s equation for the diffusion of 
carbon in alpha iron was calculated to 
be 

18000 
D=5.2-X 10-4e — RT 

Ham!° obtained data for the diffu- 
sion and solid solubility of carbon in 
alpha iron at two temperatures by 
using one technique similar to that 
employed in this study. He found a D 
of 8.0 X 10-7 cm? per sec at 702°C and 
of 2.7 X 10-7 at 648°C. 


cm? per sec 


THE SOLUBILITY OF CARBON IN 
ALPHA IRON 


Although pearlite is absent in steels 
containing 0.06 pct,!! 0.05 pct,!? or 
0.045 pet C,18 it appears that the car- 
bon in these steels cannot be in solution 
in ferrite. The solubility of carbon at 
the A, (725°C) point was -first deter- 
mined by Scott** on the basis of cooling 
curves, and was found to be between 
0.03 and 0.04 pct C. 

Tamura! by interpolating between 
the solubility of carbon in delta iron at 
1400°C and in alpha at room tem- 
perature (assuming zero solubility) ar- 
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rived at a solubility of carbon in alpha 
iron of 0.034 pct at 720°C. Whiteley’ 
using the Eggertz (colorometric) test 
and metallography placed the limit of 
solid solubility at about 0.03 pct at 
720°C. Koster!’ on the basis of the 
Eggertz (colorometric) test placed the 
maximum solubility of carbon in 
alpha iron at 0.04 pet at the A, and 
gave the variation of carbon solubility 
with temperature. 

Dickie,!’ using electrical resistivity 
measurements, made estimates of the 
solid solubility of carbon in Armco iron 
and several alloy steels by measuring 
the change in resistivity between the 
quenched and tempered states. Assum- 
ing a change of one microohm-centi- 
meter being equivalent to 0.053 pct 
carbon, a calculation from his data 
gives the following solubility in Armco 
iron: 500°C, 0.008 pct; 625°C, 0.0172 
pet; 710°C, 0.0194 pet; 750°C, 0.0199 
pet and at 850°, 0.0204 pct. 

Whiteley!® on the basis of metal- 
lographic work on Armco iron, pure 
iron, and electrolytic iron, concluded 
that the solubility of carbon was rela- 
tively constant to about 550°C, and 
then increased to the A;. The line con- 
necting the A; and Aj, he suggested, 
should be convex and gave one point 
(0.02 pet C at 870°C) to support this 
idea. 

Smith,!® using a carburizing tech- 
nique, arrived at the solid solubility of 
0.02 pct at 750°C and 0.0128 pct at 
800°C. The unpublished work of Ham?° 
has been mentioned; he found a solu- 
bility of 0.0185 pet at 702°C and 0.011 
pet at 648°C. 

In a recent work, Pennington” using 
a decarburizing technique, arrived at 
values of solid solubility of 0.025 pct 
C at 760°C, 0.02 pct at 790°C and 0.014 
pet at 815°C. 

Dijkstra,2!_ making internal friction 
measurements on high purity iron, ar- 
rived at the following set of solubilities 
at the indicated temperatures: 


350-1 400 
0.001 | 0.002 


450 
0.003 


coefficient with temperature. 
Estimates of the Q values for the 
diffusion of carbon, other than those 
mentioned by Snoek® and Polder,}° 
have been made. On the basis of 
spheroidization rates of cementite in 
pearlite Bailey”? assigned a value to Q 
of 66,000 but this is more likely the 
heat of activation for spheroidization 
than for the diffusion of carbon. 
Richter**> found an activation energy 
Q of about 20,000 in his work on 
the magnetic and elastic after-effects; 


Snoek‘ attributed his activation energy , 


to the diffusion of carbon. 

Ham?° by actual, though limited, 
experiments found A and Q values of 
165 cm? per sec and 37,000 gram-cal 
per gram-atom, respectively. 


Experimental 


Two methods were used in determin- 
ing the diffusion of carbon in alpha iron. 
The first or Van Orstrand-Dewey?® 
method consisted of diffusing carbon 
from a saturated ‘‘well”’ into an essen- 
tially carbon-free sample. The ofher or 
Grube?’ method consisted of diffusing 
carbon from a higher carbon to a lower 
carbon sample with both materials 
being in the entirely ferritic phase. 
Both methods are indicated schemati- 
cally in Fig 1. 


THE VAN ORSTRAND-DEWEY 
METHOD 


The Van Orstrand-Dewey method 
can be used successfully to determine 
the diffusion coefficient below 725°C in 
the following manner (above 725°C 
this method no longer applies for rea- 
sons cited): ; 

Two cylinders, one of high carbon 
corresponding to a composition close 
to the eutectoid, and the other essen- 
tially carbon-free, were welded together 
into what is called a diffusion couple. 


650 
0.012 


700 
0.016 


500 
0.004 


550 
0.007 


600 
0.01 


710 
0.02 


Ziegler”? indicates that the presence 
of oxygen decreases the solubility of 
carbon. 


MAGNITUDE OF THE 4A AND Q 
VALUES IN THE DIFFUSION 
EQUATION 


A knowledge of the magnitude of 
the frequency factor, A, in cm? per sec 
and the activation energy, Q, in gram- 


cal per gram-atom, are of importance _ 


in the study of variation of the diffusion 
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This diffusion couple is then annealed 
to diffuse the carbon across the weld or 
interface. After the diffusion an- 
neal, the distribution of carbon with 
respect to the interface is deter- 
mined, the concentration-penetration 
curve is plotted, and the curve is 
analyzed mathematically for the diffu- 
sion coefficient. 

Below a temperature of 725°C, the 
high carbon side of the couple corre- 
sponds metallographically to fine pearl- 
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FIG 1—Schematic representation of pene- 
tration curves from which the diffusion 
coefficient is calculated. 


ite in which the carbon is available in 
large concentration in carbides and 
which can be rapidly transmitted to the 
diffusion interface due to the high rate 
of diffusion of carbon in the ferrite 
lamallae. This diffusion of carbon, as 
shall be seen subsequently, is of the 
order of a hundred times faster in 
ferrite than it is in austenite. In this 
case the solution of the diffusion 
equation is assumed to apply because 
the carbon-rich side behaves as if the 
carbon concentration on that side of 
the couple were constant. 

Above 725°C the Van Orstrand- 
Dewey solution cannot be applied be- 
cause the carbon concentration on the 
high carbon side is not constant. Actu- 
ally the diffusion of carbon in austenite 
is considerably slower than that in alpha 
iron and hence the carbon is depleted 
from the austenite at the interface 
giving rise to a gradient; also the posi- 
tion of the interface probably changes. 
For these reasons the boundary con- 
ditions which satisfy the differen- 
tial equation applicable to the Van 
Orstrand-Dewey no longer apply. 


THE GRUBE METHOD 


This method, used so frequently in 
diffusion studies, depends on the dif- 
fusion of solute atoms in high concen- 
tration across an interface into a sample 
of lower concentration. In the present 
case one depends upon the diffusion of 
carbon from a_ high-carbon ferrite, 
(“high”’ being used advisedly since 
the maximum carbon is about 0.02 pct 
at 725°C. decreasing above and below 
this temperature) into a carbon-free 
ferrite. If the carbon in the high-carbon 
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ferrite is purposely kept lower than the 
maximum solubility the diffusion can 
be checked above (this is an important 
advantage) and below 725°C. 


SOLUBILITY OF CARBON IN ALPHA 
IRON 


Information on solubility of carbon 
in alpha iron can be obtained by the 
Van Orstrand-Dewey method. As soon 
as the diffusion couple is annealed, 
there begins to be released at the inter- 
face from the high-carbon sample into 
the carbon-free sample a small amount 
of carbon which is assumed to be a 
measure of the carbon solubility at 
the diffusion temperature. This assump- 
tion appears to be valid. Apriori, it 
would seem that the carbon from a 
saturated “‘well” of carbon in iron 
should be released into a carbon-free 
ferrite at a concentration corresponding 
to its solubility limit, certainly at and 
below 725°C. Above that temperature 
the saturated ‘‘well” does not exist. A 
similar situation exists in the case of 
the diffusion of zinc in alpha-brass;”8 
it has been shown that as zinc diffuses 
from a-brass into copper, it forms 
B-brass and at the a-8 interface the 
zinc concentration is that correspond- 
ing to the limit of solid solubility given 
in the Cu-Zn diagram; for example, at 
655°C the zinc released to the copper is 
36.5 pct. 

The solubility of carbon in alpha iron 
above 725°C can be studied by a de- 
carburization method. In an early 
work Pennington?? makes the state- 
ment that no carbon concentration 
gradient could be found in ferrite 
layers formed on the surface of 0.85 
pet C steel decarburized between 725 
and 910°C. This did not appear proba- 
ble to the author who felt that a carbon 
gradient from zero at the immediate 
surface to the limit of solid solubility 
at the decarburization temperature 
must exist in the ferrite layer. If this 
were not the case one would have to 
look for another mechanism of de- 
carburization.*° The assumed lack of a 
gradient through the ferrite layer ap- 
peared to offer to Pennington a method 
of determining the solid solubility of 
carbon in ferrite. One could determine 
the solubility by analyzing the ferrite 
layer formed on decarburization as- 
suming, of course, that the ferrite 
is saturated with carbon. Recently 
Pennington” used this method to 
determine the solubility at several 
temperatures. 

Decarburization experiments were 
conducted to check Pennington’s idea 
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Table 1... Materials Used for Specimens 


Mate- Cc o.*| si | al |cu | Ma 
rial 
1 |0.003-0.004/0.029|0.25 |0.012|0.007|0. 014 
2 |0.005 0.013/0.01 |0.092/0.009/0. 003 
3 |0.005 0055/0. 006/0.005/0. 008/0. 005 
4 |0.001 0. 038/0.007|0.006/0.003|0.013 
5 10.006 0.03 |0.21 |0.010/0.007 
6 |0.001 0.041/0.005 
7 |0.0044 0030/0. 007|0. 008 
8 |0.68 0.011/0.15 : 
9 |0.0054 0.004/0..009 0.0230. 
10 |0.001 0.004/0.001 0.011 
11 0.43 0.06 
12 |0.0081 0.004|0.004/0.007/0.001 


Ss P Others Remarks 

008/0. 002 Decsidiees with Si and 
009/0. 002 Deoxidized with Al 
001/0.002| 0.048 Ni | Deoxidized with Al 
006/0.001| 0.38 Co] Vacuum melted; no de- 


oxidation 
Deoxidized with Si and 


Air melted; no deoxida- 
tion 

Deoxidized with Si and 
Al 

Deoxidized with Si 

Deoxidized with Al 

Air melted; no deoxi- 
dation 

Deoxidized with CaSi 


Air melted; no deoxida- 
tion 
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* Oxygen determined by the vacuum fusion method. 


and it was found that if a high carbon 
alloy were decarburized and quenched 
from the decarburization temperature 
a carbon gradient in the ferrite layer 
existed. Even if the sample is slowly 
(furnace) cooled the carbon does not 
redistribute itself to give a uniform 
carbon distribution throughout the 
ferrite layer. The possibility exists that 
Pennington’s analytical methods were 
not sensitive enough. His assumption 
that the carbon content of the ferrite 
layer should be a measure of the solid 
solubility cannot be considered valid. 
In the experiments performed by the 
author the limit of solid solubility by 
the decarburization method is the car- 
bon concentration existing at the 
intersection of the decarburization 
curve in the ferrite with the carbon 
concentration in the austenitic region. 
Typical decarburization curves are 
given under Results. 


COMPOSITION OF MATERIALS 


Several materials were used for the 
diffusion and solubility studies. The 
basic material was electrolytic iron. 

Ingots 12-15 lb were melted in an 
induction furnace and were either un- 
deoxidized or deoxidized with silicon 
or aluminum or both. The high carbon 
materials for diffusion and decarbu- 
rization were prepared by the addition 
of graphite to a silicon-killed melt. 
The materials were deoxidized for 
two reasons. One was that according 
to Ziegler?? the carbon solubility 
was affected by oxygen in solution 
and the other was that an aluminum 
addition was desirable to prevent 
grain growth. Several series of ingots 
were prepared, analyzed, and the 
desired composition was then selected 
for samples. Analysis was carried 
out on ‘drillings taken from the 


top and bottom of the ingots. When 
desirable compositions were found, 
the ingots were homogenized by heat- 
ing to 950°C, holding about 15 hr and 
furnace cooling. The ingots were then 
forged at 850-900°C to one inch 
rounds. Sections of the rounds were 
analyzed at about one foot lengths and 
if the carbon contents of the ends of 
the round were in agreement, the sec- 
tion was used for samples. Table 1 
gives the analysis of the materials 
used. 

The possible effect of nitrogen on the 
diffusion of carbon was not investi- 
gated. The nitrogen content of sample 
1, which was used extensively for the 
diffusion study, was 0.004 pct. 


PREPARATION OF SPECIMENS 


Cylinders of the various materials 
were machined, from forgings, to one- 
inch lengths and 0.75 in. diam and the 
ends were ground on a_ precision 
grinder. 

Prior to the welding of the cylinders 
one of the faces of each was ground on 
several grades of metallographic paper 
finishing with 3/0. The cylinders were 
then welded on a welding machine in a 
hydrogen atmosphere, using 1500 Ib 
load and 50 pulses of current (9000 
amp). The welding conditions were 
kept as constant as possible to give 
identical samples. The region of the 
weld interface was probably heated to 
about 1000°C. 

After the cylinders were welded they 
were cooled in hydrogen till black and 
were removed and quenched in water. 
The first couple welded by this pro- 
cedure was tested for sufficiency of the 
weld. The one end of the sample was 
placed in a large vise and the other end 
was struck with a sledge hammer. The 
sample did not break but merely bent 
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FIG 2—Diffusion weld between high-carbon and carbon-free iron. 
Magnification X 100. Nital etch. Reduced one-half in reproduction. 


FIG 3—Diffusion weld between ferrite of different carbon contents. 


(Left) 0.009 pet C and (right) 0.001 pct C. Magnification X 100. Nital etch. Réduced one-half in ' 
reproduction. 


under the strokes. This indicated that 
the fusion was satisfactory. Examina- 
tion of the weld zone was also made 
microscopically. Fig 2 shows the zone 
and the region near it in a high and low 
carbon sample; Fig 3 shows the zone 
and the region near it in a sample en- 
tirely in the ferritic state. 

A variation in the preparation of the 
diffusion sample was carried out in the 
following manner: A small cylinder of 
high carbon (0.75 in. diam by 0.25 in.) 
was placed between two low carbon 
cylinders (0.75 in. diam by 0.875 in. 
long) and the three pieces were welded 
together in sandwich fashion. Such 
specimens (called double couples) were 
used when comparisons on grain size 
and oxygen were desired. Fig 4 shows 
a macrograph of a double couple. It 
illustrates how the grain size of the 
material changes, depending on the 
composition, when the couples are 
welded. There is, in the case of un- 
deoxidized samples (No. 4 and 6), a 
pronounced coarsening of the grain 
structure; very large elongated grains 
are formed. In the case of deoxidized 
samples (No. 2 and 3), there may be 
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little change in structure and sometimes 
even a definite refinement. 

Specimens for decarburization were 
in the form of spools because it was 
desirable to have the decarburizing 
atmosphere (moists hydrogen) bathe 
the entire reduced section. The spools 
were 114 in. long; the ends of the 
spools were 1 in. in diam and \ in. 
wide and the central portion was 0.75 
in. in diam and 1 in. long. 


THE DIFFUSION ANNEAL 


Since this study involves changes in 
carbon of low concentration, the dif- 
fusion anneals were carried out in a 
vacuum because it was felt that risks 
should not be taken with gases such as 
hydrogen, nitrogen, helium or argon 
which might be decarburizing in the 
presence of small amounts of oxygen 
or moisture. 

A quartz tube vacuum furnace was 
used. The furnace was made so that it 
could slide over the quartz tube. In 
this way a vacuum could be obtained 
while the furnace was being brought to 
temperature. When the desired vacuum 


FIG 4—Grain structures in the diffusion 


specimens. 


(Top) Deoxidized Iron. Sample No. 2. 
(Middle) High carbon sample 0.68 pet C. 
(Bottom) Undeoxidized iron. Sample No. 6. 
(Magnification X 5). 

Reduced one-third in reproduction. 


was obtained, the preheated furnace 
was pulled over the quartz tube. When 
the anneal was completed, the furnace 
was pulled away from the quartz tube. 

The vacuum system consisted of a 
Cenco Hyper-Vac pump in series with 
two mercury pumps. A liquid nitrogen 
trap was placed between the mechani- 
cal and mercury pumps. Pressures were 
measured with thermocouple and ioni- 
zation gauges. Even with the furnace 
heated to 700 or 800°C the pressures 
were of the order of 5 X 10-> mm of 
Hg. 

The furnace was wound in three sec- 
tions with nichrome wire and resistors 
were inserted between the sections to 
improve the temperature distribution. 
An arrangement was worked out so 
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Table2... 


Details of the Diffusion and Decarburization Anneals 


ee ee 


Temperature °C Annealing Time High Carbon Cylinder Low Carbon Cylinder 
Experi- Method Eo ae yr 
ment fandar ari- rain : < 
Average Deviation pee: Hours Seconds No (6 ae No Cc Grain Sizet 
a* r 
« « e 5 
-O.-D. 514.3 2.0 Sella) 134.8 4.85 & 105 8 0.68 See Fig 3 iw 0.0044 4 to 
5 VOD: 606.1 1.2 +0.8 47.8 1.72 K 10° 8 0.68 See Fig 3 a 0.004 5.8 : 
3 V.0.-D. 672.1 10 +0.7 48.0 1.73 X 105 8 0.68 See Fig 3 5 0.006 4 to 
4 V.O.-D.) double 700 1.0 sire (ef 2183) 7.67 X 104 8 0.68 See Fig BS 2 0.005 5.9 
5 V.O.-D. | couple 700 1.0 ate eed OS 1.60 TOs 8 0.68 See Fig 3 6 0.001 § 
6 V.O.-D.) double 700 1.0 +0.7 21.3 7.67 X 104 8 0.68 See Fig 3 3 0.005 3.0) 7 
1 V.0.-D. \ couple 700 1.0 +0.7 21.3 7.67 X 104 8 0.68 See Fig 3 4 0.001 By 
8 V.0.-D. 723.5 2I5 BT 30.3 1.09 X 105 8 0.68 See Fig 3 5 0.006 4 to 
9 Grube 718.8 a #1.1 48 3 1.74 K 105 | 12 0.0081 5-6 1 0.003 5.8 
10 Grube 761.0 ie +0.7 40. 08 1.44 X 105 9 0.0054 5-6 10 0.0008 About 1 
11 Grube 786.0 2.5 saline 23.63 8.52 K 104 9 0.0057 5-6 10 0.0013 : About y 
12 Decarburization 750 + 4 24.5 8.82 X 104 | 11 0.43 0.016 (C in ferrite layer) 
13 Decarburization lis 66 2.38: 105 | 11 0.43 0.014 (C in ferrite lover) 
14 Decarburization | 800 19.5 7.02 X 104 | 11 | 0.43 0.012 (C in ferrite layer) 
15 Decarburization | 825 16 5.76 X 104 | 11 | 0.43 0.0095 | (C in ferrite layer) 
16 Decarburization 850 24 8.65 * 104 | 11 0.43 0.0065 (Ci in ferrite layer) 
17 Decarburization |. 875 46.5 1.67 X 105 | 11 | 0.43 0.004 (C in ferrite layer) 
) 


* Standard deviation pore probability plot. 
+ Error, r, = ¢ X 0.6745. 


iG Grain size; 


ASTM aie intercept method. 


§ Large elongated grains in the weld zone; see figure lower Dorion of Fig 5. 
§§ Large elongated grains in the weld zone; similar to Fig 5 


that a uniform (better than +0.25°) 
hot zone was maintained over a dis- 
tance of 3-in. 

Temperature control was obtained 
by using a Micromax controller-re- 
corder in conjunction with a constant 
voltage transformer and an anticipa- 
tor.*! Temperatures were measured 
accurately to 0.1 of a degree. The 
variation in temperature was from 
+0.6 to +1.70°. The temperature of 
the anneal was obtained by plotting 
readings on probability paper and 
determining the standard deviation 
from the average, which when multi- 
plied by 0.6745 gives the + error. 

Before the diffusion anneals were 
started, coils of chromel and alumel 
wire (24 gauge) were calibrated against 
a Bureau of Standards’s platinum- 
platinum: rhodium secondary standard. 
This was done by placing the standard 
thermocouple and thermocouples pre- 
pared from each end of the coils into a 
lin. diam nickel-plated copper cylinder 
in which three holes had been drilled. 
The cylinder containing the three 
thermocouples was placed in the uni- 
form temperature zone of the furnace 
and the readings of the thermocouples 
were obtained on a type K Leeds and 
Northrup potentiometer, using a Leeds 
and Northrup thermocouple selector 
switch. Slight differences between the 
ends of the chromel and alumel were 
noted. These were averaged and charts 
were prepared for the chromel-alumel 
thermocouples correlating millivolts 
and temperature. New thermocouples 
were used for each diffusion-anneal. 

The thermocouples were placed into 
the low carbon end of the diffusion 
couple by drilling a hole sufficiently 
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large for the thermocouple bead and 
then peening over the edge of the hole 
to keep the thermocouple from coming 
out. Connection was made between the 
thermocouple and the potentiometer 
by chromel and alumel lead-in wires 
joined to the furnace by a kovar-glass 
seal. 

The diffusion anneal was carried out 
as follows: The furnace, drawn away 
from the quartz tube, was heated to the 
required temperature. The diffusion 
couple was placed into the cold quartz 
tube and connections were made to 
the potentiometer. The quartz tube 
was closed and was pumped down to 
the desired vacuum. The hot furnace 
was then pulled over the quartz tube 
containing the specimen. 

Table 2 gives the details of the dif- 
fusion anneals reported upon in this 
investigation. 


DECARBURIZATION ANNEAL 


Samples used for decarburization 
were annealed in a _ conventional 
Globar Type furnace with a quartz 
tube as a furnace chamber. No extra- 
ordinary effort was exercised to obtain 
a fine temperature control, and hence 
the temperature varied +4° of the 
desired temperature. The gas used was 
hydrogen saturated with moisture at 
room temperature (3.1 pet moisture by 
volume at 25°C). When the anneal was 
completed the samples were quenched 
in water. 


MACHINING OF SAMPLES 


After the diffusion anneal, the cou- 
ples were machined to approximately 
0.7 in. diam to remove possible de- 


carburized layers and to get a uniform 
diameter couple. The region of the 
interface was polished with emery 
cloth and metallographic papers of 
increasing fineness. The samples were 
etched in 10 pct nital to bring out the 
interface. With the specimen properly 
centered in the lathe, layers about 0.02 
in. were machined off near the interface 
and the thickness was then progres- 
sively increased to 0.04 in. at a dis- 
tance of a centimeter from the weld. 
The length of the specimen after each 
cut was measured to the thousandth 
of an inch and estimated to the ten 
thousandth. 

On the spools used for decarburiza- 
tion, turnings were taken on layers 
about 0.005 in. thick. In general, 
machining was continued until mar- 
tensitic areas were reached. 


CARBON ANALYSIS 


Before the carbon analyses were 
made, the chips were screened on a 
100-mesh screen to remove very fine 
particles which experience has shown 
can be relatively high in carbon pre- 
sumably because of tool wear. After 
screening, the chips were washed in 
acetone and were dried over a small 
flame. 

The carbon analysis was carried out 
by the method described by Stanley 
and Yensen.*? The method is a modi- 
fication of the conventional combustion 
method, employing the use of vacuum 
and liquid nitrogen. 

The agreement between the present, 
also known as the Yensen, method and 
the conventional combustion one 
is reasonable. Various investigators**.#4 
using the Yensen method have 
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Table 3... Carbon Analysis of 


Standard Sample 
Certified Analysis 0.014 pct C 
Investigators 55a 
Stanley and Yensen®?2..... 0.0104 + 0.0002 pet 
Wooten and Guldner?3, 0.0108 + 0.0001 pct 
Naughton and Uhlig*+. 0.0105 + 0.0003* 
0.0108 + 0.0003 
0.0108 + 0.0003 


* Naughton and Uhlig used two variations of 
the low pressure combustion method. 


analyzed the Bureau of .Standard’s 
sample 55a and have found it some- 
what lower than the certified value 
which was determined by conventional 
combustion methods. See Table 3. 
The differences in the two methods 
have been considered by Naughton 
and Uhlig.*4 


ERRORS 


There are certain errors in the dif- 
fusion experiment that are to be con- 
sidered in obtaining the error of the 
diffusion coefficient. The main sources 
of error are those due to carbon analy- 
sis, temperature and measurement of 
layers. Other errors affecting D are due 
to: diffusion occurring during the weld- 
ing of the diffusion couples, the diffu- 
sion occurring while the specimens were 
coming to and cooling from the diffus- 
ing temperature, and the change in 
dimensions due to thermal expansion. 

The errors in carbon analysis and 
temperature can be estimated, the 
other errors are not readily treated. 
The diffusion in the welding operation 
is small (about 0.06 mm) as can be 
seen from Fig 2 but no corrections for 
this diffusion were made. The error due 
to heating up and cooling down of the 
diffusion couples was difficult even to 
approximate; however if the heating 
and cooling times were short compared 
to the time of the diffusion anneal, it 
was felt that no serious error was intro- 
duced. After the diffusion anneal the 


samples were furnace-cooled to about | 


500° and were then quenched. Correc- 
tions for thermal expansion can be 
made but were not made here because 
of the uncertainty of the temperature 
coefficient of iron in the range studied. 
The D values, if the expansion correc- 
tions were approximated, would be 
increased only by about 1 pct. It is be- 
lieved that the diffusion data are good 
to +10 pet. 


Results 


After the carbon analyses had been 
made they were plotted in relation to 
the distance from the interface on 
probability paper. From the best 
straight line obtained on the probabil- 
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FIG 7—Carbon penetration at 672°C. 


ity plot, curves were redrawn using 
rectangular coordinates. The types of 
penetration curves obtained by the 
Van Orstrand-Dewey method are illus- 
trated in Fig 5 to 12 and for the Grube 
method in the ferritic state in Fig 13 
to 15. 
The D values for the curves were 
derived from Fick’s law* of diffusion. 
The differential form of Fick’s equa- 
tion is: 
dC 


ao 


aC 
dx? 


The solution to the differential equa- 
tion for the specific boundary condi- 
tions of the Van Orstrand-Dewey 
method is: 


C, — G, r 
GaGgr - (555) 
where, using the cgs system, 

C, is the carbon at distance x in 
centimeters 

C, is the base or initial carbon con- 
tent of the low carbon samples in 
per cent. 

C, is the carbon on the high side of 
the couple or the limit of solid 
solubility at the temperature. 

D is the diffusion coefficient in centi- 
meters squared per second. 

tis the time in seconds. 
¢ is the Gauss error function. 
The solution for the Grube method 


* Discussions of Fick’s law and the various 
solutions for limiting boundary conditions can 
be found in Jost# and Mehl. 
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where C,, is the carbon at infinity in the 
high carbon side of the couple and all 
other symbols remain as before. 

The diffusion coefficients calculated 
by both methods are given in Table 4. 
In Fig 16, log D is plotted against the 
reciprocal of the absolute temperature. 
The agreement between points ob- 
tained by the two methods is gratifying. 

The diffusion of carbon in alpha iron 
as a function of temperature can be 
represented by the equation: 


18100: 


D=7.9 X 10-%e — RT 


No significant difference exists in D 
values between deoxidized, fine-grained 
samples and- undeoxidized, coarse- 
grained samples. The diffusion coeffi- 
cient at 700°C calculated for deoxidized, 
fine-grained samples (experiments 1, 2, 
3, 4, 6) using the Van Orstrand-Dewey 
method samples gave a value of 6.4 
< 10-7 cm? per sec. The experimental 
D value at 700 for an undeoxidized 
large elongated grain sample (experi- 
ment 5) gave a value of 6.75 X 10-7; 
experiment 7 also on an undeoxidized 
sample should not be compared with 
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FIG 10—Carbon penetration at 700°C. 


THE SOLUBILITY OF CARBON IN 
ALPHA IRON 


The data on the solubility of carbon 


920 ———al 
in alpha iron are given in Table 5. 
EXPT. 8 They have been obtained as the inter- 
T=723.5 +17 °C 
015 t=1.09 x10 Ssec, 7 cept carbon, Co, from the carbon pene- 
= at : ° 
P= 10.6 x10-7 ew’/SES.) tration curves obtained by the Van- 
Orstrand-Dewey method (experiments 
ta 1-8), Fig 5 to 12, and from the concen- 
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FIG 12—Carbon penetration at 723.5°C. 


experiment 5 since the sample con- 
tained 0.38 pct cobalt. Reference to 
experiments 9, 10, 11 employing the 
Grube method indicates that no 
anomalies were observed due to dif- 
ferences in grain size (See Fig 3 for 
example). 

Silicon up to 0.25 pet and cobalt up 
to 0.38 does not appear to affect the 
diffusion coefficient although it must 
be emphasized that the data are very 
meager and more work is necessary to 
establish the effect of these elements 
unequivocally. In the case of silicon 
(experiment 2) the calculation of D 
from the exponential relation derived 
from all the points gives a value of 
2.7 X 10-7 at 606°C as against the ex- 
perimental value of 2.8 < 10-7. In the 
case of cobalt (experiment 7) the cal- 
culation of D from the exponential 
relation gives a value of 7.2 X 10-7 at 
700°C as against the experimental 
value of 7.6 X 10-7. These variations 
are both within 10 pct and no greater 
accuracy than this is claimed. 

It has not been possible, as may be 
evident, to determine whether D 
varies with concentration as it does in 
the case of gamma iron.® 
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tration of carbon at the ferrite-austenite 
interface, C;, as is obtained in ferrite 
layers by the decarburization of a 
medium carbon steel (experiments 
12-17); typical decarburization curves 
are given in Fig 17 and 18 for 750°C 
and 875°C, respectively. The data are 
plotted in Fig 19 together with data 
obtained by other investigators. The 
maximum solubility of carbon in alpha 
iron was found to be 0.019 pct at 725°C. 
The lines joining the carbon solubilities 
obtained by the Van-Orstrand-Dewey 
method and the decarburization method 
intersect nicely at the same point indi- 
cating that both methods are comple- 
mentary and that the assumptions 
made regarding them are justified. 


Discussion 


The diffusion of carbon atoms in 
alpha iron as well as in gamma iron is 
interstitial and hence one need not 
concern himself with the mechanism 
of the process as one does for the dif- 
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FIG 11—Carbon penetration at 700°C. 


fusion of atoms in substitutional solid 
solutions. 

The diffusion of carbon in alpha iron, 
however, is much more rapid than in 
gamma iron. Wells and Mehl® report 
the diffusion of carbon (in the range of 
0.01 pct) in gamma iron as 


32,000 


Dy = 0.07e — RT 


Using their equation and the one found 
here for alpha iron, comparisons in the 


Da 2 : 
D. ratios at various temperatures can 
B 


be made. Snoek® and Polder® pre- 
dicted that at 910°C the ratio should 
be 2600 and 3, respectively. Actually 
the ratio at 910°C is 39. At 725°C the 
ratio increases to 126 and at 500°C it is 
835. 

It should be pointed out that the 
activation energy of the diffusion 
process in alpha iron is 18,100 gram-cal 
per gram-mol or about half the energy 
for diffusion in gamma iron, that is, 
32,000. This value of 18,100 is identi- 
cal (18,000) with that obtained by 
Snoek$ from the theory of the magnetic 
after-effect and by Polder? from the 
theory of the elastic after-effect. 


THE SOLUBILITY OF CARBON IN 
ALPHA IRON 

The solubility of carbon in alpha iron 
has been established between 535 and 
910°C with the maximum solubility of 


Table 4. . . Summary of D Values 


Experiment Method Toxmperemire 
5 V.O.-D. 514.3 
2 V.O.-D. 606.1 
3 V.O.-D. 672.1 
4 V.O.-D. 700.0 
5 V.O.-D. 700.0 
6 V.O.-D. 700.0 
7 V.O.-D. 700.0 
8 V.O.-D. 723.5 
9 Grube 718.8 

10 Grube 261 1 
ia Grube 786.0 


Bee oe 


D D Percent 

cm? per sec cm? per sec Deviation from 

Observed Calculated* Calculated D 
0.97 X 107 0.80 X 107 +21.0 
2.8 panes Sass 
3 3 — 3.6 
F the 2:8 
6.75 t.2 gF 6.2 
6.3 1.2 —12.5 
7.6 42, + 5.5 
0.6 8.9 +19.0 
9.35 9.7 — 3.6 
2.1 12.5 SBI 
7.6 eye 33 +15.0 
Average Deviation + 8.7 


* Calculated from the equation of the straight line for data in Fig 16. 
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FIG 13—Carbon penetration at 719°C. 
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Table 5. . . Solubility of Carbon in 
Alpha fron 


. Tem- 
Experi- a5 
perature, | bility, Method 
ment °C Pct 

1 oe: 0.0072 V.O.-D. 

2 ak 0.0078 vV.0.-D. 

3 a1 0.0118 V.O.-D. 

4 .0 0.016 V.O.-D. 

5 .0 0.016 V.O.-D. 

6 .0 0.016 V.O.-D. 

7 sw) 0.016 V.O.-D. 

8 .0 0.018 V.O.-D. 
12 750 0.016 Decarburization 
13 MED 0.014 Decarburization 
14 800 0.012 Decarburization 
15 825 0.0095 | Decarburization 
16 850 0.0065 | Decarburization 
17 875 0.004 Decarburization 


0.019 pct occurring at 725°C. The 
maximum solubility and the solubilities 
near it have been determined by several 
investigators. The present investiga- 
tion is in agreement with Smith,'* 
Ham," and Dijkstra;?! all other de- 
terminations have tended to be high. 
Fig 19 gives the data of the present 
experiments and the data of other 
investigators. 

The limit of solubility below 725°C 
is rather important because it may 
serve as a base line for subsequent work 
which is needed to determine the effect 
of alloying elements on solubility. Such 
basic information is required if progress 
is to be made in the study of such 
phenomena as quench, strain, and 
‘‘magnetic” aging as well as temper 
and blue-brittleness. 
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Summary 


The diffusion of carbon in alpha iron 
was determined by two methods. One, 
the Van Orstrand-Dewey method, con- 
sisted of diffusing the carbon from a 
high carbon iron containing 0.68 pct 
C—corresponding to fine pearlite—into 
an essentially carbon-free iron. The 
other or Grube method consisted of 
diffusing carbon from a “‘high”’ carbon 
ferrite into a low-carbon ferrite. The 
first method could be used only below 
725°C (eutectoid temperature) but the 
second could be used above and below 
725°C. Both methods gave equivalent 
results. 

The diffusion of carbon in alpha iron 
can be represented by the equation: 


— 18,100 


Da = 7.9 X 10-%e RT 


The diffusion of carbon does not ap- 
pear to be affected by grain size, de- 
oxidation or small additions of silicon 
and cobalt. The present methods did 
not lend themselves toward determin- 
ing if D varied with concentration. 

At 725°C. the diffusion of carbon is 
over 100 times as fast as it is in gamma 
iron. 

The solubility of carbon in alpha iron 
below 725°C was determined by the 
Van Orstrand-Dewey method since the 
carbon leaving the pearlitic iron at 


the diffusion temperature corresponds 
to the carbon solid solubility. The 
solubility above 725°C was determined 
by a decarburization method, the solu- 
bility being the carbon concentration 
where the carbon gradient in the ferrite 
intersects the carbon gradient of the 
austenite-ferrite region. Both methods 
of determining solubility gave lines 
meeting at the same point to give a 
maximum solubility of 0.019 pct car- 
bon at 725°C. The solubility lines be- 
tween 514 and 910°C were obtained. 
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In an earlier paper! one of the au- 
thors called attention to the signifi- 
cance of the relative free energies of 
grain boundaries and interphase bound- 
aries in alloys in determining the shape 
and distribution of micro-constituents. 

The ratio of the interphase and inter- 
crystalline boundary energies (that is, 


a where 712 1s the energy of the inter- 
11 


face between a crystal of phase 1 and 
a crystal of phase 2, and yi; is the 
energy of the boundary between two 
crystals of phase 1) will be denoted by 
T. It is this ratio that determines, by 
the simple triangle of forces relation, 
the dihedral angle, 0, of phase 2 where 
it adjoins a boundary between two 
grains of phase 1. On a metallographic 
sample various angles are actually 
obtained because of the random orien- 
tation of the plane of observation, but 
the statistically most frequent angle 
is the true one. These basic principles 
were discussed in detail in the earlier 
paper. 

The experiments described below 
show the effect of both composition and 
temperature on 6 and I’ for some alloys 
containing a liquid phase, and provide 
data on the rate of approach to the 
equilibrium angles in both solid and 
liquid phases. 
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Experimental Procedure 


All the alloys were melted in a 
graphite crucible and cast into ingots 
34 by 1 in. cross-section. Some of the 
aluminum alloys consisted of two 
immiscible liquids from which uniform 
castings could not be obtained. The 
amount of liquid phase varied locally 
to a considerable extent and the 
analyses were meaningless. Neverthe- 
less, the composition of the liquid 
would not differ from that in an alloy 
of the intended gross composition, and 
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z a Note that 96 

2 cos 3 
will be zero for T = 0.5 and all values 
below. True values for T can not be 
obtained by direct microscopic means 


i; 
when -— < 0.5. 
Yu 


the synthetic composition of the alloys 
was therefore used in considering the 
surface energy results. The ingots were 
given initial deformation by cold- 
rolling to 50 pct reduction, annealed, 
and given a second 50 pct reduction 
prior to cutting into small samples for 
heat treatment at the times and tem- 
peratures subsequently reported. The 
resulting micro-samples were carefully 
prepared metallographically and ex- 
amined at magnifications of 650, 1280, 
or 2500. The objectives used were 
21X, 0.40 NA (dry); 41X, 0.65 NA 
(dry); and 80X, 1.40 NA (oil emul- 
sion). The appropriate angles were 
measured by rotation of the stage of a 
Bausch and Lomb metallograph to 
align the appropriate boundaries suc- 
cessively with a cross-hair in a mi- 
crometer eyepiece. About 250 angles 
were measured on each phase. Though 
the angles were read to 1°, the accuracy 
is probably not above 3°, because of 
uncertainty in setting the cross-hair 
tangent to the sometimes curved 
boundary. The corners of very small 
particles, particularly in early stages 
of adjustment after cold-rolling, were 
difficult to measure and the results were 
slightly dependent on the magnifica- 
tion used (compare Fig 1-C and 1-D). 
With particles of larger size and more 
nearly equilibrium shape, magnifica- 
tion made no difference (vide Fig 1-F 
and 1-G). The measured angles were 
grouped in 10° intervals (5° if 6 was 
less than 20°) and plotted in bar 


OCTOBER 1949 


graphs, of which Fig 1 is an example. 
The most probable angle was esti- 
mated and taken to be the true di- 
hedral angle. 

The frequency curves of even well- 
annealed alloys showed a_ greater 
spread of angle than that resulting from 
random sectioning alone, which indi- 
cates that the energies of all interphase 
boundaries are not identical, but vary 
slightly, supposedly as a result of dif- 
fering orientation between the grains. 
Though this is of great interest and 
importance, it is a minor factor as far 
as general microscopic features are con- 
cerned and, for the present, is ignored. 


Rate of Approach to 
Equilibrium 


The distribution of dihedral angles 
for the liquid tin-rich phase in an 
aluminum-tin alloy with 5 pct tin, 
cold-rolled and subsequently annealed 
for various times at 350 and at 450°C, 
is shown in Fig 1 and 2. In all of these 
alloys, the structure consists of nearly 
pure aluminum grains with a tin-rich 
liquid dispersed as a continuous prism- 
like network along the edges of the 
three-dimensional grains. In the two- 
dimensional metallographic — section, 
the tin-rich phase (solid, ,of course, 
after quenching) appears most fre- 
quently as triangles at the junction of 
three grains of aluminum. In the 
annealed samples, these triangles are 
essentially equilateral and equiangu- 
lar, but cold-rolling distorts them 
considerably, resulting in a much 
wider spread of angles; annealing 
causes rapid restoration of the angles 
to the values determined by surface 
tension equilibrium. Fig 3 shows the 
same data as Fig 1 (that is, from the 
350°C anneal) grouped according to 
the orientation of the apices in relation 
to the direction of rolling. In the rolled 
alloy most of the angles in the 
quadrants lying in the direction of 
rolling are smaller than the equilib- 
rium value, while normal to this the 
particles have been flattened out and 
the angles increased. Annealing for 
15 min. at 350°C gives a well-defined 


angle-distribution curve with a maxi- 


mum at the equilibrium value, although 
the abnormally large spread of angles 
has not entirely disappeared. Anneal- 
ing for 1 hr at 350°C gives liquid areas 
showing no anisotropy of angles, and 
further annealing causes no change. At 
450°C. (Fig 4) even the 15 min. anneal 
gives a structure that does not subse- 
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FIG 1—Distribution of measured angles in tin-rich liquid 
phase in longitudinal sections of 95-5 Al-Sn alloy, cold- 


rolled and annealed for varying times at 350°C. 
250 angles measured for each sample, at 2500 X, except where 


otherwise noted. 
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FIG 2—Distribution of measured angles of tin-rich phase in 
longitudinal sections of 95-5 Al-Sn alloy, cold-rolled and 


annealed for varying times at 450°C. 
250 angles measured for each sample, at 2500 X, except where 


otherwise noted. 


quently change, except for the size of 
the liquid particles. 

In the solid state, restoration of dis- 
torted grain junctions to equilibrium 
configuration would be expected to 
occur at a slower rate than for a liquid 
phase and to be highly dependent on 
temperature. Tests were made on an 
alpha/beta bronze containing 16 pct 
tin at 650°C, a normal commercial 
annealing temperature. Annealing was 
done in a salt bath. Fig 5 to 8 show the 
microstructures obtained, while Fig 9 
is a plot of the distribution of the 
corner angles of the beta grains after 


various times of heat treatment. The 
grains of beta had been flattened out 
by rolling, and in the initial condition 
there is a large number of small angles 
in the quadrant parallel to rolling, 
while the normal quadrants contain 
larger angles than the equilibrium 
value. After annealing for 4 min., as 
can be seen from Fig 6, the alloy has 
completely recrystallized and the beta 
phase has developed apices, each one 
meeting a contiguous alpha boundary. 
The angles still show considerable 
spread from the equilibrium values and 
the strong curvature imposed on local 
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FIG 3—Same data as Fig 1, grouped in quadrants related to FIG 4—Same data as Fig 2, grouped in quadrants related to 
the rolling direction. rolling direction. 
0 R = angles whose bisectors fall in quadrants 135—225° and 315—45° See Fig 3 for definition of N and R quadrants. 


from rolling direction. 
N = angles whose bisectors fall in quadrants 45—135° and 225— 
315° from rolling direction. 


FIG 5—Microstructure of a/8 bronze (16 pct Sn) as cold-rolled 50 pet reduction following 
650° anneal. 
Etched with potassium dichromate, followed by ferric chloride. 250 X. 
FIG 6—Same alloy as Fig 5, annealed 4 min at 650°C. 
500 X. 
FIG 7—Same alloy as Fig 5, annealed 1 hr at 650°C. 
250 X. 


FIG 8—Same alloy as Fig 5, annealed 16 hr at 650°C. 
250 X. All micrographs reduced one-tenth in reproduction. 
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FIG 9—Distribution of angles in a/8 bronze with 16 pct tin, 


@ N Angles in quadrantsnormol 


© R Angles in quadrants that 


Dihedral Angle, © 


60 


120 


90 150 
c=) 
to rolling direction. 


include 
tion. 


rolling direc- 


Relative Interface Energy -T 


grouped in quadrants related to the direction of rolling. 


250 angles were measured in each specimen, at a magnification of 


1200 X, except Fig 9-G which was 2500 X. 


surfaces by the long-range geometry 
prevents equilibrium.* After 1 hr (Fig 
9-D) the angles in the longitudinal and 
normal quadrants are nearly the same, 
and after 16 hr anneal at 650°C (Fig 
9-F) the peaks of the two curves are 
almost identical, indicating that surface 
tension forces have entirely overcome 
the distortion imposed by cold-work. 


* Equilibrium at a_ higher magnification 
(2500 X) as in Fig 9-G gave a considerably 
sharper distribution, but still showed a definite 
difference between those angles near the rolling 
direction and normal to it. It is possible that on 
an atomic scale the equilibrium angle is achieved 
immediately after recrystallization. Samples that 
have been annealed for a sufficiently long time to 
allow the particles to acquire smooth, simply 
curved, outlines show no variation with magnifi- 
cation—provided, of course, that the metallo- 
graphic preparation and optics are such as to 
give good resolution of the boundaries. 
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FIG 10—Temperature dependence of dihedral 
angles in Cu-Pb and AlI-Sn alloys. 
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FIG 11—Effect of temperature on relative interface 


energy, I’, for Cu-Pb and Al-Sn alloys. 
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FIG 12—Relative interface energy, I’, as a 
function of the composition of the liquid 
phase in Al-Sn alloys at various temperatures. 


The answer to the question as to 
whether the mechanism of adjustment 
is by diffusion or by plastic deforma- 
tion must await further study. 


Effect of Temperature on 
the Dihedral Angle in a 
Binary Alloy Contain- 
ing a Liquid Phase 


Fig 10 shows the temperature de- 
pendence of the dihedral angle of the 
liquid phases in & copper-lead alloy 
with 1 pct lead and in an aluminum- 
tin alloy with 5 pct tin. Samples of 
these alloys were first cold-rolled and 
then annealed at different tempera- 


tures for sufficient times to obtain 
equilibrium. Fig 11 shows values of 
IT’ (the ratio of interphase and inter- 
grain boundary energies) calculated 
from the dihedral angles. 

In the copper-lead system @ is un- 
affected by temperature up to 800°C, 
but decreases somewhat at 900 and 
930°C and drops sharply to zero at 
960°C. In the aluminum-tin alloy @ and 
T decrease with increasing temperature 
in a more uniform manner. The differ- 
ence in behavior is easily explained if 
the constitution diagrams? are ex- 
amined. In the copper-lead system, the 
composition of the liquid phase in 
equilibrium with solid copper changes 
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FIG 15—Relative interface energy, I, in Al-Sn-Cu 
alloys as a function of temperature. 
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FIG 13 (left)—Méicrostructure of 94-3-3 Al-Cu-Sn alloy. ; 
Cold-worked 50 pct reduction and annealed 6 hr at 550°C. Etched with 2 pct hydrofluoric acid 
followed by dilute Keller’s etch. 250 X. Reduced one-tenth in reproduction. 
FIG 14 (right)—Méicrostructure of 95-5 Al-Cd alloy. 
Cold-worked 50 pct reduction, annealed 6 hr at 550°C. Etched with 2 pct hydrofluoric acid, fol- 
| lowed by dilute Keller’s etch. 500 *. Reduced one-tenth in reproduction. 
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FIG 17—Relative interface energies 
as a function of composition in Al-Sn- 


Cd alloys at 350 and 550°C. 
(Al constant at 95 pet.) 
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FIG 16—Relative interface energies 
as a function of composition in Al-Sn-Zn 


alloys at 450 and 550°C. 
(Al constant at 95 pct.) 
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FIG 18—Relative interface energies 
as a function of composition in Al-Sn- 


Bi alloys at 350 and 550°C. 
(Al constant at 95 pct.) 


only from 0.5 to 1.0 pct copper as the 
temperature rises from 500 to 800°C, 
and then changes with increasing 
rapidity to about 7.5 pct copper at the 
monotectic temperature, 953°C, where- 
upon it abruptly changes to about 60 
pet copper. In the aluminum-tin 
system the liquid changes continuously 
and with increasing rapidity from 0.5 
to 100 pct aluminum as the tempera- 
ture is raised from that of the eutectic 
(229°C) to the melting point of alumi- 
num (660°C). It seems obvious that 
the major effect of temperature in both 
alloys is to change the composition of 
the liquid. Although it would be ex- 
pected that both yaig and Yo/a would 
decrease with temperature, though per- 
haps at different rates, it seems reason- 
able to attribute most of the change in 
6 and I to the solid/liquid interface 
rather than to the grain boundary. 

If, as in Fig 12, the values of I’ for 
the aluminum-tin alloys are plotted as 
a function of the composition of the 
liquid phase, as read from the liquidus 
of the constitution diagram,” T' is seen 
to be a smooth function of composi- 
tion,* decreasing as the liquid ap- 
proaches the solid in composition. This 
is not unexpected. 

It has often been supposed that the 
presence of a liquid phase results in 
hot-shortness of an alloy. Though ex- 
treme brittleness at high temperatures 
is almost invariably associated with the 
presence of a liquid, the converse is not 
necessarily so, for drops of liquid with 


* The vertical lines drawn through the experi- 
mental points in Fig 10 represent the range of T 
corresponding to an error of 5° in measuring 0. 
It is obvious that the smoothness of the curve 
is to some extent fortuitous. 
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FIG 19—Relative interface energies 


as a function of composition in Al-Sn- 
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FIG 20—Relative interface energies 
as a function of composition in Al- 


Pb-Cd alloys at 350 and 550°C 
(Al constant at 95 pct.) 


large dihedral angles are relatively 
harmless. An alloy will become hot- 
short. immediately above the solidus 
only if the dihedral angle is nearly zero, 
causing the liquid to replace a large 
fraction of the normal grain boundary 
area and to give rise to sharp notches 
for stress concentration. The method of 
determining solidus temperatures by 
detecting the onset of hot-shortness is 
an excellent one when @ is zero, but 
is dangerous to use on alloys where this 
is not known to be the case. 


Interface Energies in Tern- 
ary Alloys Containing 
Liquid 

It has been shown above that the 
composition change resulting from 
variation of solubility with temperature 


affects the interface energy ratio in a 
binary two-phase alloy. The change of 


Pb alloys at 350 and 550°C, 
(Al constant at 95 pct.) 


composition caused by the addition of 
a third element at a fixed temperature 
can have a similar influence. The effect 
of zinc and bismuth added to copper- 
lead alloys was discussed in an earlier 
paper.! More complete data were ob- 
tained with series of ternary alloys of 
aluminum containing tin and either 
copper, bismuth, lead, zinc, or cad- 
mium. Except for the copper series, 
which contained 94 pct aluminum, the 
alloys investigated contained 95 pct 
aluminum with the remaining 5 pct 
divided between tin and the other 
element in varying proportions. Typi- 
cal microstructures are shown in Fig 
13 and 14. 

The alloys containing copper were 
measured after annealing at several 
temperatures to show the effect both 
of temperature and composition (see 
Fig 15). The other alloys were annealed 
at 350 and 550°C only (for 16 and for 
6 hr respectively) and gave the values 
of 6 and I shown in Fig 16 to 20. 

Copper and zine (Fig 15 and 16) are 
soluble in both the solid and liquid 
phases in aluminum-tin alloys and they 
act slightly in the direction of decreas- 
ing the value of [—whether by modifi- 
cation of the grain boundary energy or 
of the liquid/solid interface cannot be 
said. The other elements—cadmium, 
lead, and bismuth—are virtually in- 
soluble in solid aluminum, and dissolve 
little aluminum themselves when mol- 
ten. In their ternary alloys with alumi- 
num and tin it is therefore possible to 
study the equilibrium angles between 
an aluminum grain boundary (which, 
to a first approximation, may be 
assumed not to change in nature or 
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composition), and the interface be- 
tween aluminum crystals and liquid 
that is of varying composition. The 
data in Fig 17 to 19 show that the 
energies of the interface between solid 
aluminum and liquid cadmium, lead,* 
or bismuth in the binary alloys are all 
higher than that of the aluminum-tin 
interface, but that the interface energy 
is decreased rapidly by the first addi- 
tion of tin and more slowly as the liquid 
becomes richer in tin. This parallels 
closely the variation of surface tension 
with , composition in binary liquid 
alloys and doubtless arises from a 
similar cause—the preferential adsorp- 
tion of the element giving lower inter- 
face energy at the interface. t 


Summary 


Studies have been made of the angles 


* The liquid phase in the pure binary alloys 
of aluminum and lead did not aggregate to a 
sufficient size to permit 6 to be measured, even 
after annealing for 6 days at 550°C. The alloys 
with minor additions of cadmium or tin behaved 
satisfactorily. 

The behavior of the copper-bismuth-lead 
alloys described in Ref. 1 is not in accord with 
this, for the T curve is convex with increasing 
bismuth content. 
>In the ternary Al-Pb-Cd case, there is no 
variation of T with composition (Fig 20). 
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existing at the corners of various micro- 
constituents in alloys after deforma- 
tion and heat treatment. Liquid phases 
take relatively short times to reach the 
angles determined by surface energy 
equilibrium. Solid phases are slower 
to adjust, but commercial annealing 
practice for a bronze gives dihedral 
angles that are not appreciably changed 
by longer annealing. 

The effect of temperature on the 
dihedral angle and the relative energies 
of grain boundary and _ interphase 
boundary in copper-lead and alumi- 
num-tin alloys is slight except when the 
change of temperature produces a 
change in the composition of the 
phases in equilibrium. In general, it is 


‘predicted that alloys whose constitu- 


tion diagrams show a nearly vertical 
liquidus will be substantially unaf- 
fected by temperature change, and that 
alloys with a sloping liquidus will 
present structures that vary considera- 
bly with annealing temperature. The 
dihedral angle decreases as the compo- 
sition of the liquid approaches that of 
the solid. Alloys become hot-short 
when heated above the solidus only 
if the liquid phase has a small dihedral 
angle and so replaces a large part of the 


DENDRITES IN CAST BRASS. 
Grignon, 1775. (Courtesy of C. S. Smith) 


grain boundary area. 

Dihedral angles were measured for a 
series of ternary alloys of aluminum 
with tin and other low melting-point 
elements. If the third element is solu- 
ble in both solid and liquid phases 
the dihedral angle may be decreased 
(aluminum-tin-copper, aluminum-tin- 
zinc) but otherwise the ternary alloys 
possess relative interface energies inter- 
mediate between that of aluminum-tin 
and that of the binary alloy of alumi- 
num with the other component. The 
first addition to a binary alloy of a 
third element that itself has a lower 
interface tension against solid alumi- 
num will cause rapid reduction of 
interface tension, while further addi- 
tions are less potent, paralleling the 
behavior of surface tension in liquid 
binary alloys. 
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Introduction 


The melting and casting of any com- 
mercial metal depends upon the suc- 
cess with which the problems attendant 
to the handling of the specific metal are 
overcome. Common difficulties en- 
countered in the handling of commer- 
cial metals are tendencies to burn or 
oxidize excessively, low fluidity, en- 
trapment of dross, hot cracking, cold 
embrittlement, cold shuts, and un- 
soundness caused by gas evolution. 
Beryllium is not only subject to these 
same difficulties but is generally more 
sensitive to them than are the more 
common metals, thus necessitating 
more exact founding precautions. 


Characteristics of 
Beryllium 


Certain characteristics of beryllium 
which make it particularly difficult to 
handle in the plant or laboratory are as 
follows: 

1. The melting point of beryllium is 
about 2400°F and pouring tempera- 
tures vary from 2600 to 2900°F, de- 
pending upon the degree of fluidity 
required. The extreme chemical activ- 
ity, combined with the high tempera- 
tures, makes necessary the use of inert 
atmospheres, slags, or vacuum for pro- 
tection during melting and pouring. 
Furthermore, beryllium tends to react 
with the melting crucibles, tools, and 
molds, thus requiring the selection of 
suitable materials and proper main- 
tenance of these items. 

2. The very marked absorption of 
gas by molten beryllium and the sub- 
sequent evolution of gas during solidifi- 
cation causes a great deal of difficulty 
with unsoundness. Beryllium castings 
may also be subject to unsoundness as 
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a result of gas formation by chemical 
reaction with the mold surface during 
solidification. 

3. The very marked chemical affinity 
between molten beryllium and the nor- 
mal atmosphere causes the formation 
of dross. On relatively quiescent melts, 
this dross forms a very tenacious film 
which, if carried over to the mold, can 
cause defects such as the formation of 
skins or dross in the interior or on the 
surface of the casting; folds or defects 
similar to cold shuts may also be found. 

4. During the pour and attendant 
turbulence, the dross may be mixed 
into the metal and then carried to the 
casting. There it may be entrapped 
during freezing and cause internal de- 
fects, or it may float to the surface and 
cause severe dross defects on the cope 
side of the castings. 

5. Solid beryllium is very weak ata 
temperature near the solidus line; 
brittleness is also a problem at lower 
temperatures. Thus, hot and cold crack- 
ing must be guarded against. 


Scope of the Experimental 
Work 


All of these problems have been 
given consideration in the work at 
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Battelle. Before the work was started 
at Battelle, it was customary to melt 
berylium in a vacuum furnace or 
under flux in graphite-lined induction 
furnaces. 

Because of the difficulty of prevent- 
ing gas unsoundness in beryllium cast- 
ings, an investigation was undertaken 
primarily to study this particular prob- 
lem and, secondarily, to devise methods 
of overcoming the other difficulties en- 
countered in the founding of beryllium. 
The objectives of the laboratory work 
were multifold: 1. To devise a practical 
method of melting, other than vacuum 
melting, by means of which con- 
sistently sound beryllium castings could 
be produced. 2. To obtain funda- 
mental data which would promote a 
better understanding of the causes of 
gas unsoundness in beryllium. 3. To 
develop a casting technique which 
would permit low melt temperatures, 
minimize dross defects and hot crack- 
ing, and eliminate reaction with the 
mold surface. 

Up to the present time, a considera- 
ble amount of progress has been made 
on the first and third objectives, with 
the result that it can now be safely 
stated that consistently sound castings 
can be made by the open-pot melting 
method, using argon as a protective 
atmosphere and a proper casting tech- 
nique. There has been some progress on 
the second objective of the project, but 
it cannot yet be safely stated that the 
problem is completely understood. 

Most of the experimental work has 
been conducted in an enclosed melting 
and pouring apparatus in which very 
close control of melting variables has 
been effected. Findings based on the 
results of the work conducted in this 
small experimental apparatus have 
been applied to large-scale melts which 
have been made by techniques suitable 
for duplication on a commercial scale. 
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FIG 1—Sectional view of gas atmosphere induction furnace. 


The Controlled-atmosphere 
Furnace 


The experimental apparatus for 
melting and pouring under controlled 
conditions has been termed the small 
or controlled gas-atmosphere induc- 
tion-melting furnace. A sectional view 
of this furnace is shown in Fig 1. The 
sketch shows the induction furnace 
lined with a beryllia crucible and 
equipped with a graphite mold. Other 
crucible and mold materials have been 
investigated in this apparatus, but 
those mentioned have been selected as 
the best for the work conducted to date. 

As shown in Fig 1, the apparatus 
consists of a copper dome which fits 
over the induction furnace. The mold 
is integral with the dome. This ar- 
rangement permits the control of the 
composition of the ambient atmosphere 
used during melting and pouring. After 
putting the dome in place, the charge 
is melted in the furnace and then cast 
into the mold by revolving the entire 
assembly about the axis shown in the 
lower righthand corner of the draw- 
ing. Upon revolving the assembly, the 
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melt pours over the lip of the crucible 
and into the mold according to the 
Durville pouring method. This method 
of pouring is very desirable for easily 
oxidized or drossy metals because it 
permits the metal to be poured with a 
minimum of disturbance of the oxide 
film and thus prevents the inclusion of 
dross in the castings. The furnace as- 
sembly with the dome installed and in 
the melting position is shown by Fig 2. 

The argon gas used as an atmosphere 
during melting and pouring is purified 
and dried, if a low humidity is desired, 
before it enters the dome. The rate of 
flow of the gas is closely controlled, its 
temperature inside the dome measured, 
and the humidity of the gas that leaves 
the dome determined. The temperature 
of the metal throughout the melting 
cycle is closely controlled, and the 
temperature of the graphite mold is 
also closely regulated. The dome is 
equipped with (1) a cooling coil through 
which various cooling liquids can be 
circulated, (2) peepholes for viewing 
the crucible and mold, and (3) a poking 
rod and an alloy addition device which 
permits these operations without open- 


ing the dome. 


Melting and Casting Large 
or Small Beryllium Heats 


FURNACES AND FURNACE LININGS 


The induction furnace is most suit- 
able for the melting of beryllium. 
Graphite linings for the induction fur- 
nace have been used but are not very 
practical since, at a temperature of 
about 75° above the melting point of 
beryllium, the reaction Be + C—> 
Be.C takes place. Since the reaction is 
exothermic, the utility of a graphite 
crucible is limited by the necessity of 
an accurate control of the temperature 
of the melt. 

Magnesia linings for induction fur- 
naces, employed in melting beryllium, 
have been used in the past with some 
measure of success. The use of magnesia 
was abandoned when it was found that 
the fluxes used in melting beryllium 
attacked this refractory. Since fluxes 
are no longer necessary in the melting 
of beryllium, it may be possible to re- 
turn to the magnesia lining. This possi- 
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bility should be investigated. 

Large-scale melts have been made 
most successfully in induction furnaces 
lined with a graphite-bonded silicon 
carbide known commercially as Tercod. 
They are conveniently backed with 
lampblack for high thermal insulation. 
Tercod crucibles are available in a 
variety of sizes and shapes. In the ex- 
perimental work, they have been used 
in the melting of heats ranging from 
about 3 lb up to about 85 lb. 

Although Tercod crucibles have been 
successfully set in the large induction 
furnace with a silica sand backing, best 
results have been obtained using a 
lampblack (Norblack) backing. This 
material is rammed tightly around the 
crucible, the coils being protected with 
a layer of ramming mix next to the coil 
and a layer of asbestos paper between 
the ramming mix and the Norblack. 
With the 80-lb melts, melting time has 
been cut from 234 to 114 hr by the use 
of the insulating lampblack backing. 

The Tercod crucible is ordinarily 
supplied with a borosilicate glaze. 
Tercod crucibles, having an alumino- 
silicate glaze on the outside and little 
or no glaze on the inside, are said to be 
available. Up to the present time, the 
glaze has been removed by melting a 
cryolite wash in the crucible. The cryo- 
lite is then removed by melting a wash 
heat of beryllium in the crucible. The 
wash heat may include scrap beryllium 
such as turnings, sawings, and others. 
Often, metal containing dross skimmed 
from previous heats is added to the 
wash heat which then forms a protec- 
tive film of beryllium oxide on the 
inside of the Tercod crucible. Without 
this protective layer, the Tercod may 
be attacked by the beryllium. 

The Tercod crucible does not appear 
to be suitable for use in the small gas- 
atmosphere induction furnace, because 
under such conditions of melting, the 
oxide film on the Tercod is not main- 
tained and the melt reacts with the 
crucible. The use of cryolite for the re- 
moval of the glaze is undesirable from 
a health standpoint because, on subse- 
quently using the crucible for melting 
beryllium, copious fumes of beryllium 
fluoride are formed as a result of the 
reaction between beryllium and the 
residual cryolite (Na3AIF'.). It is possi- 
ble that some means other than that 
which is used at the present time can 
be devised for the removal of the glaze 
and the attainment of a beryllia coating 
on the Tercod. 

The development of beryllia cruci- 
bles for use in the small gas-atmosphere 
induction furnace (Fig 1) has been a 
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FIG 2—Photograph showing the small controlled-atmosphere 
induction furnace used to make melts of 1 to 2 Ib each. 


step of great importance in the experi- 
mental procedure. After a considerable 
number of trials of various materials, 
it was found that a beryllia crucible 
was satisfactory if it was fired by slow 
heating to 3300°F, and then held at 
this temperature for 4 hr before slowly 
cooling to room temperature. Without 
such treatment, the crucibles fail after 
each heat because they are subject to 


considerable dimensional change dur- 
ing the heating and cooling cycle. After 
firing at 3300°F, the dimensional sta- 
bility is very satisfactory and crucibles 
invariably last for 15 to 20 heats and 
fail through the formation of a skull of 
beryllium oxide on the inside of the 
crucible and not through cracking. 
The spout of the experimental fur- 
nace is lined in such a way that during 


FIG 3—Photograph of the large induction furnace with a 
graphite mold and tilting mechanism for making the cast 2-in.- 
round remelting ingots for the furnace illustrated by Fig 1 
and 2, 
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the pour the metal contacts only the 
beryllia refractory. 

New beryllia crucibles, even after 
preheating at 3300°F, are generally 
unsatisfactory for the melting of beryl- 
lium because the first melt made in a 
new crucible or in a furnace which has 
not been used for a considerable length 
of time is often very “‘gassy.”’ In such 
instances, the use of a wash heat of 
beryllium for conditioning the crucible 
is recommended if sound castings are to 
be consistently obtained. 

One disadvantage of the induction 
furnace for melting beryllium is that 
dross is often inductively stirred into 
the melt and results in dirty castings. 
When a Tercod crucible is used for the 
lining, the conductive crucible shields 
the melt from much of the electromag- 
netic field which would induce too 
violent agitation. A further advantage 
of the Tercod crucible is that it can be 
heated to a high temperature before 
the beryllium charge is added to it, 
thus permitting rapid melting if desired. 

The stirring which occurs in the melt 
prepared in the controlled gas-atmos- 
phere induction furnace (Fig 1) con- 
taining a beryllia crucible is of less 
importance because the use of the inert 
atmosphere eliminates the dross to a 
great extent. Furthermore, as shown in 
Fig 1, the beryllium melt is shielded to 
some extent from the inductive field by 
means of a graphite backer for the 
beryllia crucible. 

Although induction heating has been 
used exclusively in the experimental 
melting of beryllium, it is conceivable 
that some other form of heating, such 
as electrical resistance heating, might 
be satisfactory. It is unlikely that gas- 
fired furnaces, unless mixtures other 
than city gas and compressed air were 
used, would be suitable because of the 
high-flame temperatures necessary for 
the melting operation and the gas ab- 
sorption from the products of com- 
bustion. Arc melting probably would 
not be desirable because of the possible 
contamination of the melt by the 
electrodes. 


SELECTION AND PREPARATION 
OF MELTING STOCK 


Beryllium metal stock available for 
melting in the experimental work has 
ranged in purity from about 89 pct 
beryllium up to about 97 pct beryllium. 
The balance of this material has been, 
for the most part, fluoride flux remain- 
ing in the material from the refining 
operation. Very often it has also con- 
tained about 0.2 pct aluminum and up 
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FIG 4—Photograph showing a series of beryllium castings 
having a considerable range in unsoundness, made in the gas- 
controlled-atmosphere induction furnace. 


to 1 pct magnesium. Melting this 
material by the open-pot method 
markedly reduces the content of fluo- 
ride and magnesium. 

In order to prepare 1- to 2-lb charges 
for the experimental melts, the as- 
received beryllium is melted in large- 
scale heats weighing about 85 lb and is 
cast into 2-in.-diam bars. This melting 
is conducted in an open pot, using a 
Tercod-lined induction furnace with a 
stream of argon directed against the 
melt surface. The melt is poured in air 
into graphite molds, 4 bars per mold, 
using the Durville principle of pouring. 
Fig 3 shows the mold and apparatus 
used to prepare the 2-in. bars, the fur- 
nace being in a tilted position. The 
2-in.-diam bars are cut to lengths 
weighing about 1.3 lb each. Such a bar 
makes an ideal material for melting 
stock in the experimental work because 
of its uniformity from piece to piece 
and its uniform surface area. Further- 
more, during melting, the solid piece 
melts down uniformly with no oppor- 
tunity for bridging which often occurs 
when lump materials are melted in the 
small, experimental induction furnace. 

It is desirable that the beryllium 
melting stock, for large or small heats, 
be as clean as possible and dross should 
be removed by grinding the surface. 
The chances of obtaining an unsound 


heat are greatly minimized by drying 
the stock thoroughly before melting it. 
This drying operation can be effectively 
carried out by holding the material at 
a temperature of 500 to 800°F for about 
12 hr before melting. Naturally, the 
chance for gas absorption from the 
surface of the beryllium melting stock 
is minimized by using pieces as large as 
practicable. 


MELTING TECHNIQUES 


Because of the severe chemical reac- 
tivity of beryllium, it must be protected 
from reaction with oxygen and nitro- 
gen during melting. Melting beryllium 
under a fluoride flux prevents drossing 
and, in a number of instances, success- 
ful castings have been poured by this 
method. On the other hand, the flux 
melting method is difficult to use be- 
cause, during this type of melting, copi- 
ous fumes evolve from the flux and 
these fluoride fumes are very toxic. 
A second disadvantage of this melting 
method is that the flux is very hygro- 
scopic and, unless it is melted separately 
and added to the molten beryllium 
metal, a large quantity of hydrogen 
may be absorbed from the moisture in 
the flux. The flux is denser than the 
molten beryllium and, while it crusts 
over and is thus mechanically held on 
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FIG 5—Series of ingots showing the relationship of gas un- 
soundness to the humidity of the ambient atmosphere. 


top of the melt, portions of the flux 
invariably sink and become entrapped 
in the metal during the pouring opera- 
tion. This entrapment of flux occasion- 
ally results in flux inclusions in the 
castings. 

Melting under a hydrogen atmos- 
phere has been reported in accounts on 
the German beryllium industry. This 
method has not been tried, but melting 
under an inert atmosphere appears to 
be, by far, the most practical method 
for melting beryllium. Inert atmos- 
pheres of the argon or helium type are 
satisfactory. Argon has the advantage 
that, being denser than air, it forms a 
better blanket over the surface of the 
melt than helium which is lighter than 
air and has a greater tendency to rise. 
Attempts have been made to use dry 
nitrogen, but large quantities of beryl- 
lium nitride are formed which make 
this gas undesirable. 

Investigations of the gas unsound- 
ness in beryllium castings poured from 
melts prepared in the small, experi- 
mental gas-atmosphere induction fur- 
nace have shown that a high degree of 
purity and of dryness of the protective 
gas is necessary if sound castings are to 
be produced. In order to produce argon 
of high purity for the melting unit, the 
gas is passed first through copper 
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turnings at 1200°F to remove the bulk 
of the oxygen present, then through a 
copper coil which can be refrigerated to 
a temperature of minus 100°F to re- 
move most of the moisture and, finally, 
through titanium turnings at 1200°F to 
remove nitrogen and the last traces of 
oxygen and water vapor. 

Fig 4 illustrates the range of un- 
soundness which can be obtained in 
beryllium. Microporosity, such as oc- 
curs in copper-base alloys, was not a 
contributing factor to the unsoundness. 

The effect of the moisture content in 
the argon atmosphere on the soundness 
of beryllium castings made in the small- 
scale experimental furnace is shown by 
Fig 5. For this particular series, it is 
believed that the other variables were 
held at values which, excepting for the 
humidity of the ambient atmosphere, 
are conducive to a high degree of sound- 
ness. The transition from sound to 
unsound beryllium castings appears to 
have occurred at a moisture level of 
about 3 grains per cubic foot. Other 
series made under similar conditions 
have indicated that the transition level 
is considerably lower. In one instance, 
it appeared to be at about 1.0 grain per 
cubic foot. 

In general, the longer the time that a 
melt of beryllium is held in the molten 


state, the more unsound the resultant 
ingot will be. The effect of increasing 
the holding time of beryllium melts at 
the pouring temperature in the gas- 
atmosphere induction furnace from 4 
to 30 min. before pouring is shown in 
Fig 6. The humidity of the ambient 
argon atmosphere used for the heats 
from which these two ingots were 
poured was less than 1 grain of mois- 
ture per cubic foot. The graphite mold 
was held at a temperature of 300°F and 
a pouring temperature of 2800°F was 
employed. This increase in gas un- 
soundness produced by a_ prolonged 
holding at the pouring temperature is 
typical of some other metals also. 

The effect of the length of the hold- 
ing period at pouring temperature on 
gas unsoundness should not be con- 
fused with the length of time required 
to melt the metal. The effect of the 
speed with which the metal is melted 
and then brought to the pouring tem- 
perature has not yet been investigated. 
Since the rapid melting of beryllium 
may tend to increase gas unsoundness, 
it should be emphasized that Fig 6 
shows the effect of holding at the pour- 
ing temperature. In other words, it is 
known that, once the metal has reached 
the pouring temperature, it should be 
poured without further holding. It does 
not necessarily follow, however, that 
the metal should be melted as rapidly 
as possible. Indeed there is some. evi- 
dence that slow melting is desirable. 

The typical effects of the pouring 
temperature on the gas unsoundness of 
beryllium castings are shown in Fig 7. 
All of these ingots were poured in a 
graphite mold at 300°F. The heats 
were made in an argon atmosphere at 
less than 1 grain of moisture per cubic 
foot. The tendency to increase gas 
unsoundness as the casting tempera- 
ture increases is typical of most metals. 

Fig 8 shows a typical example of the 
occurrence of unsoundness in a casting 
made from the first melt in a beryllia 
crucible preheated to 3300°F before 
using. 


MELTING POINT DETERMINATION 


The melting point of beryllium, as 
reported in Metals Handbook, is 1285 
+40°C (2345 +70°F). In the course of 
the melting of beryllium in the con- 
trolled-atmosphere furnace, one melt 
was allowed to freeze in the crucible 
and the cooling rate determined by 
a calibrated platinum, platinum-rho- 
dium thermocouple protected by a 
beryllium oxide tube. The resultant 
curve, which is shown in Fig 9, shows a 


Metals Transactions, Vol. 185 .°.. 773 


FIG 6—The effect of holding time on the occurrence of gas 


unsoundness in beryllium. 
Pouring temperature 2800°F, mold temperature 300°F. 


A-77. Melt poured as soon as 
the pouring temperature was 
reached. 


melting point of 2400°F after some 
supercooling. This value is near the 
high limit previously reported. A melt- 


A-78. Melt held 30 min. at the 
pouring temperature before 
pouring. 


ing point taken as the maximum 
temperature after supercooling can be 
considered only a minimum possibility 


FIG 7—The effect of pouring temperature on the occurrence of gas unsoundness 
in beryllium. 


A-66, held 16 min., 
poured at 2700°F, 
mold temp. 300°F. 


A-67, held 16 min., 
poured at 2800°F, 
mold temp. 300°F. 
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A-68, held 12 min., 
poured at 2900°F, 
mold temp. 300°F. 


A-71, held 18 min., 
poured at 3000°F, 
mold temp. 300°F. 


since it cannot be assured that the 
maximum temperature after super- 
cooling is anything more than a balance 
between the heat released on freezing 
and the heat loss by natural cooling. 
Thus a value of 2400 +20-10°F seems 
to be the melting point as determined 
in this test. The metal was remelted 
virgin beryllium. By spectrographic 
analysis it contained 0.10 pct Al, 0.08 
pet Si, 0.10 pet Fe, < 0.05 pct Mg, and 
only traces of other impurities. Carbon 
was low, as judged by metallographic 
examination, but no estimate of oxygen 
content is available. 


CASTING PRACTICE 


Beryllium static castings can be pro- 
duced with a minimum of difficulty 
from gas unsoundness and oxide and 
dross inclusions if they are poured 
directly from the furnace using the 
Durville method, as illustrated by 
Fig 1, 3, and 10. Ladling of the metal 
is obviously undesirable because it 
increases the contact of the metal with 
the atmosphere, makes higher melt 
temperatures necessary, and also in- 
creases turbulence and attendant in- 
cluded dross. Furthermore, ladles are 
often a source of gas pickup through 
unsatisfactory drying. In order to 
reduce the formation of dross, it is de- 
sirable that the molten metal be intro- 
duced into the mold with a minimum 
of turbulence. This can be accom- 
plished by permitting it to run down a 
slight incline into the mold cavity. 
Although a mold can be tilted by hand 
to accomplish this end, the best prac- 
tice is to design the mold for attach- 
ment directly to the furnace so that it 
tilts or can be separately tilted as the 
furnace is tilted. Fig 3 and 10 illustrate 
this technique showing the mold and 
method of pouring 2-in.-diam ingots 
and a slab about 2 in. thick and 18 in. 
square. The ingot mold is tilted by 
hand, using the special tilting mecha- 
nism, thereby permitting several to be 
poured from the same melt, whereas 
the slab mold is attached to the furnace 
and tilts with it, thereby permitting 
the pouring of one casting per melt. The 
metal is poured so that it runs down 
the slightly sloping surface of the riser 
and, as the furnace is tipped over, the 
mold is filled without causing undue 
turbulence. In both instances, the melt 
is poured direct from the furnace into 
the inclined mold. The end bells of the 
ball mill, shown by Fig 11, also illus- 
trate castings made by this method. 
The end plates are sound, the dark 
spots being the individual coarse grain 
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revealed by the machining operation. 

Centrifugal casting is an ideal 
method for producing beryllium cast- 
ings when the size and shape of the 
casting are suitable. In order to pour a 
large-diameter casting, ladling metal is 
often necessary, though direct pouring 
should always be used if possible. The 
nature of the centrifugal casting proc- 
ess is such that it tends to reduce or 
minimize the difficulties with dross 
formation and gas unsoundness. A 
rapid pour into the mold is desirable to 
prevent cold shuts and to minimize the 
distance of travel of the metal. In the 
large-diameter castings, it is also de- 
sirable to pour the metal into the mold 
as near as possible to the periphery. 

In order to cast an inside vertical 
wall centrifugally, it is necessary to use 
a rotating speed that gives a value of 
centrifugal force at the inside wall of 
the casting of at least 75 times the force 
of gravity. Thus the minimum speed of 
rotation is fixed and is dependent upon 
the casting diameter. Most of the cen- 
trifugal castings have been cast at this 
speed because it was feared that too 
high a speed might promote cracking. 
However, speeds somewhat higher than 
the minimum showed no harmful 
effects. 

Some of the castings made success- 
fully by centrifugal methods are as 
follows: 

1. A cylinder 214-in. od, 3%¢-in. 
wall, 30 in. long, cast horizontally. 

2. A ring 19-in. od, 1-in. wall, 5 in. 
high, cast vertically. 

3. A ring 19-in. od, 714-in. wall, 5 in. 
high, cast vertically, using a water- 
cooled steel mold. This casting after 
cutting and some machining of the 
inside surface is shown by Fig 12. The 
shrinkage on the inside periphery is to 
be noted. 

4, A ring 52-in. od, 2-in. wall, 4 in. 
high, cast vertically. Fig 13 shows this 
casting as stripped from the mold. 

5. A ball mill 9-in. od, 114-in. wall, 
8 in. long, cast vertically. This casting 
is illustrated by Fig 11. ; 

A sound, fine-grained molded graph- 
ite makes an ideal mold material. It 
can be used successfully both in static 
and centrifugal casting. Although suc- 
cessful castings have been made in 
steel molds coated with acetylene soot, 
beryllia, or alumina, there is a tendency 
for beryllium metal to cut steel and, in 
general, the use of this material is not 
recommended. Baked, oil-bonded mag- 
nesia and zircon-base molds have been 
used, but the effects of these materials 
on gas unsoundness are not completely 
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FIG 8—The effect of the use of melting 
crucible on the occurrence of gas unsound- 


ness in bervllium. 


Both castings poured at 2800°F, using a mold 
temperature of 300°F . 


A-76, first heat in the 
crucible, namely, a 
wash heat. 


understood and they should be used 
with caution. 

The extreme tendency for beryllium 
to hot crack must be guarded against 
when designing the casting. To accom- 
plish this, the molds must be designed 
in such a way that the casting is not 
restricted during its solidification or 
cooling period. The development of a 
collapsible mold material for this metal 


A-77, second heat in 
the crucible. 


would be very desirable. Meanwhile, 
small, moderately intricate castings 
can be made by opening the graphite 
mold immediately after the casting is 
solidified so that the metal is subjected 
to a minimum of restriction as it cools. 

All molds should be thoroughly dried 
before use. A desirable practice is to 
hold the graphite mold at 1000°F for 
about 1 hr and then cool it to not lower 
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FIG 9—Cooling and solidification curve, Heat No. A-14. 
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FIG 10—Photograph showing the graphite mold attached to 


the large induction furnace. 


The mold is for a plate 18 inches X 18 inches X 2 inches, which is 
poured by the Durville method. 


FIG 11—Photograph showing a cylindrical casting and end 
plates to form a small ball mill approximately 8 in. od. 


than 300°F for use. In some instances, 
where a sufficiently large high-tem- 
perature furnace was not available, the 
molds were preheated to only 600°F 
and held for 16 hr. Graphite molds 
should not be allowed to cool below 
300°F until all of the castings to be 
poured into them have been produced. 
If the mold is held for any length of 
time at room temperature, it should be 
reheated to 1000°F (or lower, if the 
higher temperature is not practicable) 
before subsequent use. 

In the study of graphite as a mold 
material, it has been observed that the 
tendency toward gas unsoundness in 
the casting increases with repeated use 
of the mold. The reason for this behay- 
ior of the graphite is not definitely 
known, but to insure against the possi- 
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bility that the re-use of the graphite 
mold becomes a variable in the experi- 
mental studies, no mold is used for 
more than ten casting operations. 


Discussion of Results 


Since the experience with the found- 
ing of beryllium has not been exten- 
Sive, it is difficult to evaluate the 
limitations of the art and science of 
producing high-quality castings. In 
this investigation, some consideration 
has been given to practically all of the 
founding characteristics of beryllium, 
and special attention has been given 
to that problem which has appeared to 
be the most troublesome, namely, gas 
unsoundness. The seriousness of the 
gas unsoundness problem in casting 


beryllium can be appreciated by ob- 
serving the range of  unsoundness 
which may be encountered, as shown 
in Fig 4. 

The unsoundness observed in Fig 4 
is clearly caused by an evolution of gas 
during solidification of the metal. The 
precise type of gas evolution or the 
particular gas or gases involved is not 
definitely known. In general, there are 
two types of gas evolution, as follows: 
1. Gas evolved during solidification of 
the metal because of the very marked 
decrease in solubility of the gas as the 
metal changes from liquid to solid. 2. 
The formation of a relatively insoluble 
gas by a reaction which occurs between 
two constituents dissolved in the melt. 
A typical example of such a phenome- 
non is the carbon monoxide gas evolved 
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FIG 12—Photograph showing a centrifugal casting 19 in. od, a 7}4-in. wall, and 
5 in. high. 


The casting is shown af ter it was sawed and some machining done on the inside surface. The 
shrinkage on the inside periphery is evident. 


in a rimming steel ingot as a result of 
the reaction between dissolved carbon 
and oxygen. A second example is the 
formation of steam in copper-base 
alloys as the result of a reaction be- 
tween hydrogen and oxygen, or an 
oxide dissolved in the melt. In both of 
these instances the gases formed, as a 
result of the reactions, are relatively 
insoluble in the solidifying metal and 
thus precipitate or evolve from the 
melt. 

There are many possibilities of 
these two types of gas evolution which 
might occur in beryllium. Hydrogen, 
carbon monoxide, carbon dioxide, ni- 
trogen, and possibly other gases might 
evolve from the melt during solidifica- 
tion as Type 1 gas evolution. Type 2 
gas evolution could occur as a result 
of the reaction of hydrogen and oxygen 
or oxide in the melt to form steam, or 
the reaction of carbon or carbon 
monoxide with oxygen or oxide in the 
melt to form either carbon monoxide or 
carbon dioxide. If oxygen or beryllium 
oxide is as insoluble in molten beryllium 
as is oxygen or the respective oxide in 
the light alloys, aluminum and mag- 
nesium, Type 2 gas evolution may not 
occur. There have been a few instances 
in the experimental work where un- 
sound ingots have shown an increased 
carbon monoxide content. The samples 
for these tests were selected to include 
whole gas bubbles, so that evolved as 
well as dissolved gases would be deter- 
mined in the vacuum-fusion analyses. 

Except for a few instances where 
carbon monoxide has been found in the 
unsound ingots, practically all of the 
gas unsoundness observed in beryllium 
can be explained by the supposition 
that hydrogen dissolved in the melt 
evolves during solidification as a re- 
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sult of decreased solubility. The princi- 
pal source of hydrogen is, of course, 
moisture. Experimental proof of the 
effect of the moisture content in the 
argon atmosphere on the soundness of 
beryllium castings made in a small- 
scale experimental furnace is shown in 
Fig 5. In addition to this experimental 
proof of the effect of moisture, there 
are many indications or circumstantial 
evidence which place hydrogen, ab- 
sorbed from moisture, at the head of 
the list as the main cause of gas un- 
soundness in beryllium. These are: 1. 
The necessity for melting a wash heat 
in a crucible before consistently sound 
castings can be obtained from it. 2. 
The necessity, when using the flux 
method, to melt the flux before it is 
added to the metal. If the flux is not 
melted, a considerable amount of hy- 
drogen may be absorbed from the 
water in the flux. 3. The necessity for 
drying molds thoroughly before sound 
beryllium castings are made in them. 
4. Melting a charge previously wet 
with water has produced gas unsound- 
ness in an application where such un- 
soundness was desired. 

In addition, there have been many 
other indications which have shown 
that moisture should not be allowed 
to contaminate any of the tools used 
in the melting process which are likely 
to come into contact with the molten 
beryllium. 


Summary and Conclusions 


The success with which beryllium 
castings can be made in the plant or 
laboratory depends, to a great meas- 
ure, upon how well certain difficulties 
attendant to the handling of this metal 


are overcome. These difficulties, not 
peculiar to beryllium alone but en- 
countered in the handling of many 
commercial metals, include a high 
degree of reactivity with oxygen and 
nitrogen; this characteristic is ac- 
centuated by the high pouring tem- 
peratures of 2600-2900°F and results 
in the formation of dross which, if car- 
ried over to the mold, can produce 
serious casting defects. Another char- 
acteristic of the metal is that it is very 
weak and brittle at high temperatures 
and, therefore, tends to crack easily 
when hot. Its low ductility when cold 
can also result in cracks if the normal 
contraction of the casting is restrained 
during cooling. Finally, and perhaps 
the greatest difficulty encountered has 
been unsoundness resulting from gas 
evolution during solidification. 

Another characteristic of the metal 
which must be carefully considered is 
the apparently extreme toxicity of the 
fumes evolved during melting and of 
the dust formed during machining, 
grinding, sawing, and other procedures. 

The problem of gas absorption has 
been studied by the use of a small, 
controlled gas-atmosphere induction 
furnace. It has been found that if rea- 
sonable care is taken to prevent the 
exposure of beryllium to moisture dur- 
ing the melting and casting operations, 
consistently sound castings can be 
produced. 

The reason for the occurrence of 
unsoundness is not completely under- 
stood but it is apparent from the ex- 
perimental work that hydrogen picked 
up from moisture accounts for a 
major part of the gas which causes the 
unsoundness. 

The results of the present investiga- 
tion have added considerably to the 
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FIG 13—Photograph of a cylindrical casting 52 in. od, with 
a 2-in. wall, 4 in. high. 


This casting is shown as stripped from the mold. 


knowledge relating to the proper han- 
dling of beryllium in the foundry. 
Techniques have now been developed 
which will permit the production of 
consistently sound beryllium castings 
from heats weighing up to 80 lb and 
limited in size only by the melting 
equipment available for this particular 
operation. 

The following recommendations for 
the melting and casting of beryllium 
are based upon observations made in 
the course of the experimental work, 
including the preparation of heats 
weighing up to 80 lb: 

1. Melts may be made in thoroughly 
preheated beryllia or graphite-bonded, 
silicon carbide crucibles (Tercod). 
Usually, a wash heat is desirable in a 
new crucible to insure complete re- 
moval of moisture. High-frequency in- 
duction heating is the most convenient. 

2. The beryllium melting charge 
should be thoroughly dried out at a 
temperature between 500 and 800°F. 
Thereafter, in the melting process, the 
metal should not be subjected to any 
atmosphere or material which might 
be a source of moisture, or gas, par- 
ticularly hydrogen. 

3. No fluxes need be employed, but 
the metal should be protected from the 
atmosphere by means of argon of the 
lowest possible moisture content. This 
can be accomplished by covering the 
melting crucible and introducing argon 
at right angles to the melt surface so 
that it mushrooms out over the bath. 
The argon can be satisfactorily dried 
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by passing it through a coiled copper 
tube held at about minus 100°F. 

4. The time that the metal is kept in 
the molten condition, especially at the 
pouring temperature, should be held to 
a minimum, and the casting should be 
poured as soon as the proper melt tem- 
perature has been reached. 

5. Themaximum temperature should 
be kept low, preferably less than 
2900°F, and the pouring temperature 
should also be kept at a minimum, 
consistent with the degree of fluidity 
necessary to fill the mold cavity com- 
pletely without cold shuts or misruns. 

6. Where possible, the casting should 
be poured directly from the furnace in 
order to carry out effectively these 
recommendations. Ladling, while not 
desirable, may be useful when pouring 
centrifugal castings. 

7. The mold material should be such 
that the metal will not react with it. 
Thoroughly preheated graphite which 
has not been used for more than ten 
casting operations appears to be satis- 
factory, though there are considerable 
differences among various grades of 
graphite. 

8. Dross entrapment should be 
avoided. It has been found that this can 
be accomplished most effectively by 
introducing the metal into the mold 
gently by permitting the molten metal 
to run down a low incline into the 
cavity, using the Durville method or a 
modification of it. 

9. Any undue restriction to the con- 
traction of the hot casting, such as a fin 


which would result in cracking, should 
be prevented by proper design of the 
mold cavity. As far as is known to date, 
this means that it is feasible to cast 
only relatively simple shapes which do 
not present problems of restriction to 
contraction. However, the precise limi- 
tation on complexity of design has not 
been established. The development of 
collapsible molds for beryllium casting 
is a definite possibility. 

10. Beryllium castings having fairly 
thin sections can be made in a graphite 
mold if the surface areas are relatively 
small. The remarkable flowability of 
beryllium in graphite molds and the 
reproduction of minute detail in the 
mold design should not be overlooked. 

ll. The size of the castings, includ- 
ing the gates and risers, is limited only 
by the size of the available melting 
equipment. At the present time at 
Battelle, the maximum is about 80 Ib 
of beryllium. 

12. Within the limitations outlined, 
both static and centrifugal castings can 
be satisfactorily made. 
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Introduction 


Those who have examined beryllium 
and beryllium-rich alloys under the 
microscope have noted the results of 
the difficulties encountered when pre- 
paring these materials for examination. 
Hard constituents are readily chipped 
and pulled out of the matrix, and the 
soft ones are easily gouged out or em- 
bedded with abrasive or other material. 
The matrix is easily deformed, which 
makes it very difficult to remove the 
effects of scratches. Furthermore, the 
matrix and some of the constituents 
are also readily pitted during etching, 
which makes the structure difficult to 
develop. 

The metallographic techniques de- 
signed to avoid these difficulties are 
neither radically new nor necessarily 
the best possible procedures. They 
were developed at Battelle to fill im- 
mediate requirements as part of a study 
of the preparation and pouring of 
beryllium melts as described in a 
separate paper. 

A part of the research program on 
the causes of gas unsoundness in bery]- 
lium castings entailed a study of the 
effects of such gases or gas formers as 
oxygen or oxides, nitrogen or nitrides, 
and carbon or carbides. These gases or 
gas formers, if dissolved in the melt, 
might be an important factor in the 
study of unsoundness caused by gas 
evolution in beryllium. Because it was 
necessary to be able to distinguish these 
gases or gas formers, if present as alloy 
constituents, from metallic phases also 
present as alloy constituents, a series of 
alloys was prepared with additions of 
the various possible metallic and non- 
metallic constituent formers. It should 
be emphasized that the constituents 
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referred to as gases or gas formers are 
important in the study of gases in 
beryllium only if they form a part of 
the alloy, that is, if they dissolve in the 
liquid or solid metal. 

During the first part of the develop- 
ment of metallographic techniques, the 
Massachusetts Institute of Technology, 
unpublished report (TC 3315, Nov., 
1945) by Paul Gordon, describing 
various microconstituents in beryllium, 
was quite useful. Of particular interest 
in this report is the confirmation of one 
of the conclusions ,drawn from the 
present investigation, that is, that a 
distinct oxide phase apparently does 
not occur in beryllium. 


The Preparation of Metal- 
lographic Specimens 


GRINDING PROCEDURE 


The original specimen is either sawed 
or cut on an abrasive wheel to a con- 
venient size. For best results, the sur- 
face to be polished should not be more 
than about 14 in. square, and it is con- 
venient to mount the specimens in 
bakelite to facilitate handling. Two 
alternative grinding procedures have 
been developed. As one alternative, 
specimens are ground successively on 
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120-, 240-, and 400-grit, *wet-or-dry 
metallographic discs. The abrasive 
discs are revolved at 1750 rpm on a 
conventional pedestal grinder. The 
coarsest disc (120 grit) is used either 
wet or dry, and in most instances, it 
can be eliminated from the procedure. 
Grinding on the two finer discs (240 
and 400 grit) is accompanied by the 
application of kerosene. The technique 
consists of holding an oil can, contain- 
ing kerosene, in one hand and the 
mounted specimen in the other hand. 
While the grinding is being done, sey- 
eral drops of kerosene are applied 
every few seconds close to the center 
of the disc. Carbon tetrachloride serves 
at least as well as kerosene as a 
lubricant; perhaps it is slightly better, 
but it volatilizes so readily that an 
additional health hazard is involved. 
Light oils and water are not satisfac- 
tory for the finer grinding operations. 

The second procedure is perhaps 
slightly slower than the first and re- 
quires a more careful technique, but it 
eliminates the use of kerosene. The 
specimen is first ground wet on a 240- 
grit disc, followed by dry grinding on a 
400-grit disc. 

Finer grinding does not appear to be 
necessary with either of the two al- 
ternative procedures. 

The pressures used throughout either 
grinding operation must be extremely 
light, that is, barely’ sufficient to hold 
the specimen in contact with the disc; 
otherwise, flow and chipping are almost 
certain to occur. 

In both procedures, it is essential 
that the discs be sharp and that they 
be discarded as they show evidence of 
becoming dull or loaded. In general, 
not more than four or five specimens 
can be ground on a disc before the disc 
becomes dull enough to warrant dis- 
carding it. 
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FIG 1 (above)—Heat A-9. Unetched. High 
carbon from mold reaction. 
FIG 2 (below)—Heat A-4. Unetched. High 


carbon from mold reaction. 
xX 500. Reduced one-half in reproduction. 


Hand grinding of the beryllium al- 
loys has not been successful, even 
though the grinding is done under 
kerosene. 

The preparation of the specimen 
may be considered more than half done 
when a satisfactory fine grind has been 
obtained. The specimen should be 
examined at 500 magnification in the 
ground condition before starting the 
polishing operation. After some experi- 
ence, the operator will be able to judge 
whether or not the grinding has been 
accomplished without either deforming 
the surface of the beryllium matrix or 
breaking out the hard, brittle con- 
stituents. If there is evidence that some 
constituents have been broken out or if 
there is evidence of flow in the beryl- 
lium matrix, it is well to start over 
again because it is a waste of time to 
attempt to polish an improperly ground 
specimen. 


POLISHING PROCEDURE 


After a proper grind has been ob- 
tained on a specimen, the final polish- 


ing can be accomplished in a few 


minutes. Two successful procedures 
have been developed. With either 
method, the specimen is slowly counter- 
rotated on a 4-in. polishing head rotat- 
ing at 1750 rpm. 

The first method is more rapid but 


780 . . . Metals Transactions, Vol. 185 


less reproducible. The polishing head 
is covered with worsted serge because 
the use of longer nap cloths seems to 
promote pitting and should be avoided. 
A solution of 5 pet oxalic acid in water 
is used in conjunction with an abrasive 
on the polishing cloth. This is an im- 
provement over a more complicated, 
glycerine-containing solution which was 
used earlier and which seemed, in some 
cases, to promote pitting of the speci- 
men. Fine alumina is used sparingly as 
the abrasive. However, when soft con- 
stituents occur, such as those formed 
by aluminum or tin additions, levi- 
gated _CP-Fe.,0; is better though 
slower than alumina. When alumina 
is used as the abrasive, there seems to 
be a greater tendency for soft con- 
stituents to be gouged out. Actual 
polishing of the specimens apparently 
requires a proper balance between 
chemical solution by the oxalic acid on 
the one hand, with the abrasive action 
by the alumina on the other. This 
procedure requires rather careful man- 
ual manipulation which can be effected 
only after considerable practice. 

The polishing procedure consists of 
applying a small amount of abrasive 
and oxalic acid solution at the begin- 
ning of the operation and, as the 
polishing continues, adding only the 
oxalic acid solution. As the polishing 
operation nears completion, the addi- 


tion of the oxalic acid solution is dis- 
continued and water is added a few 
drops at a time to keep the wheel 
slightly moist. 

The alternate polishing procedure, 
slower than the one already described 
is based on abrasive action alone, and 
requires less judgment on the part 
of the operator. It was developed 
primarily to retain magnesium-rich 
constituents during the polishing op- 
eration. The small-diameter, high- 
speed wheel is covered with ordinary 
green billiard cloth, the usefulness of 
which appears to improve with use. 
Merck’s CP heavy MgO, suspended in 
30 pct hydrogen peroxide, is used as 
the polishing agent. Since this suspen- 
sion does not ‘“‘keep”’ well, it is best to 
prepare small amounts several times 
daily. During the polishing operation, 
a considerable amount of the suspen- 
sion is used on the wheel, so that, 
actually, the polishing is done on a 
layer of MgO rather than on the cloth. 
The peroxide has two functions. It 
holds the MgO on the cloth more 
satisfactorily than does water, and it 
also appears to inhibit the reaction of 
water with some of the microcon- 
stituents of beryllium, particularly the 
magnesium-rich phase. Even with this 
“slower” procedure, polishing can 
usually be completed within a few 
minutes. 


ETCHING PROCEDURE 


No systematic study of etching 
reagents has been made. However, a 
number of the common metallographic 
etchants were tried and, of these, only 
one appeared to be universally suc- 
cessful on the alloys. This etchant is 
composed of 10 ce of 48 pct hydro- 
fluoric acid and 90 cc of 190-proof ethyl 
alcohol. Etching times range from 10 to 
30 sec. This etchant outlines and pro- 
duces many color distinctions to the 
different alloy phases, and not infre- 
quently develops fine lines in the beryl- 
lium matrix which appear to be faults 
in the lattice structure. The etchant 
seems to increase in activity after 
standing for several hours. In general, 
the other etchants which have been 
investigated have been found to cause 
some pitting of the polished surface. 


Identification of Con- 
stituents 
A number of alloys were made especi- 
ally for metallographic study. In addi- 


tion, a number of specimens have been 
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included from heats made for other 
purposes. 

Black and white micrographs are 
included in this paper, and in addition, 
color transparencies have been pre- 
pared of a number of the microstruc- 
tures. This color photography is of 
great assistance in preserving and de- 
scribing the colors of the various con- 
stituents. Ansco daylight film was used 
with a light source consisting of a 
6-volt, 18-amp microilluminator, con- 
taining a 3200°K ribbon filament. 
Various combinations of color-correc- 
tion filters were necessary because of 
the different reflectivities of the dif- 
ferent constituents and, in general, it 
was difficult to avoid a greenish cast 


_ to the background. 


No microconstituent has been found 
which can be identified as an oxide or 
as a hydride. This, however, does not 
preclude the possible presence of oxy- 
gen (or an oxide) or hydrogen (or a 
hydride) in liquid or solid solution in 
the metal, or even as a second phase in 
the solid metal. 

_ The carbide is a distinctive phase; 
it is hard, angular, usually gray, and 
when exposed to the atmosphere, it 
readily stains, first to all colors of the 


rainbow and, eventually, to brown. 


Fig 1 and 2 are specimens containing 
a high proportion of carbide, which is 
the prominent, angular gray constitu- 
ent. The shadowy, lighter gray phase 
seen in the background, particularly of 
Fig 2, is unidentified, but it is probably 
a silicon-bearing phase. The hydro- 
fluoric etch has no effect on the color 
of the carbide constituent. - 


FIG 3 (above)—Heat A-6. Unetched. 1 pet 
C added. 
FIG 4 (below)}—Heat A-7. Unetched. 2 pct 


C added. 
X 500. Reduced one-half in reproduction. 


Fig 3 and 4 are specimens from heats 


to which 1 and 2 pct carbon, respec- | 


tively, were added as graphite. The 
angular, gray carbide constituent is 
easily recognizable. The lighter gray 
constituent (actually a light blue- 
gray) is a silicon-rich phase, while the 
bright speckled phase (actually slightly 
yellow) is an aluminum-rich phase. 
Fig 3 and 4 should be compared with 


Fig 1, a high-carbon specimen, — and 
Fig 5, a vacuum-cast material which, 
in this instance, contains a small 
amount of carbon in the form of a 
small quantity of angular, gray car- 
bides. Very little of the light blue 
silicon-rich phase is present, but with 
a relatively greater amount of the 
yellow speckled aluminum-rich phase. 
It is of interest that the silicon-rich 


‘ FIG 5 (left}—Vacuum-cast virgin beryllium. Light etch. X 500. 
== FIG 6 (right-—Heat A-11. Cold worked and deep etched to show grain boundaries. X 500. 
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FIG 7 (above)—Heat A-2. Made under 
nitrogen. Unetched. 
FIG 8 (below)—Heat A-2. Isolated nitride 


needle. 
x 500. Reduced one-half in reproduction. 


and the aluminum-rich phases can 
exist in the same “‘particle’’ as shown 
just below the center of Fig 5. 

Fig 6 is a photograph of a poorly 
prepared specimen in which the cold- 
worked material was not completely 
removed by the polishing operation. 
It is of interest, however, that deep 
etching reveals the individual grains 
and also delineates the grain bounda- 
ries. This treatment is unsatisfactory as 
a means of revealing “‘second”’ phases, 
however, because the aluminum-rich, 
silicon-rich, and carbide phases are 
scarcely recognizable in the figure. 

The nitride phase is distinctive. It is 
also gray, but a darker gray than the 
carbide, is not affected by the HF 
etchant, and is usually present in 
needle-like form. However, in large 
amounts, it may also have a more 


massive appearance. Fig 7 is a photo- 


graph of a specimen cast from a heat 
melted under nitrogen and represents 
a badly segregated part of the ingot. 
An angular, gray carbide particle is 
also evident somewhat to the right of 
the center of the photograph, but other 
phases are not readily identifiable. 

Fig 8 is a photograph of an iso- 
lated nitride needle in a portion of the 
same ingot represented by Fig 7. As- 
sociated with the needle are the angu- 
lar carbide phase, the speckled yellow 
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aluminum-rich phase, and the bluish 
silicon-rich phase. This latter phase is 
barely visible in the photograph. Again, 
the silicon-rich phase and the alumi- 
num-rich phase are seen to occupy the 
same ‘‘particle,” about halfway along 
the top side of the needle. The alumi- 
num-rich phase is also present as an 
“inclusion”’ in the nitride and carbide 
phases. The black areas are holes and a 
crack is also evident across the lower 
right-hand corner of the photograph. 

One phase found in practically all 
samples of beryllium studied is an 
aluminum-rich phase. It has already 
been noted in the descriptions of the 
preceding photographs. It is soft and 
difficult to polish; it is bright yellow 
and often appears to be speckled. This 
speckled appearance, revealed by care- 
ful polishing, may indicate a eutectic. 
The HF etch does not affect the color, 
but does outline the phase which may 
be present as a grain-boundary con- 
stituent or as isolated globules, as 
shown by Fig 9, a photograph of a 2 
pet aluminum alloy. As mentioned 
before, a light-blue silicon-rich phase is 
often associated with the bright-yellow 
aluminum-rich phase. This is noted 
again in Fig 9, where several areas in 
the otherwise yellow stringers are 
occupied by the light-blue phase. It is 
also possible that the speckled con- 
stituent may be the bright-blue, silicon- 
rich phase, or some other phase 
attributable to silicon. Only a few car- 
bides are present in the specimen, 
represented by Fig 9, and they appear 
about equally abundant in the matrix 
and in the aluminum phase. In 
this instance, over-exposure has black- 
ened their appearance considerably 
as well as darkened the matrix in the 
photograph. 

Fig 10 is a photograph of a heat to 
which 10 pct silicon has been added. 
The light-blue phase attributable to 
silicon is seen in the grain boundaries 
and as isolated particles. The angular, 
gray carbide phase is easily recognized, 
as is the bright-yellow aluminum-rich 
phase which is associated to some ex- 
tent with the silicon phase. The light- 
blue silicon phase is intermediate in 
hardness between the aluminum-rich 
phase and the matrix, and is outlined 
but not stained by the HF etch. 

There are probably other phases 
associated with silicon; one of these is 
probably illustrated in Fig 11, which is 
a photograph of a heat that had re- 
acted with a silicon carbide crucible. 
The triangular-shaped gray phase with 
a crack running through it is beryllium 


carbide. The grain-boundary constitu- 
ent is the light-blue phase previously 
attributed to silicon. Associated with it 
are small amounts of the bright-yellow- 
ish aluminum-rich phase. The dark, 
irregularly shaped constituent in the 
center of the photograph is a hard, 
dark blue-green constituent whose color 
is not affected by the HF etchant. It 
might be silicon carbide, although no 
positive identification has been made. 
It also occurs in heats which have had 
no contact with silicon carbide cruci- 
bles, but it always appears to be associ- 
ated with silicon in some form. 

Fig 12 shows a sample to which 10 
pet titanium was added. The phase 
attributable to titanium is slightly 
pink and generally angular and its color 
is not affected by the HF etchant. 
Angular gray carbides are readily 
identified in the photograph. Alumi- 
num- and silicon-rich phases, if present, 
have been ‘“‘absorbed”’ in the titanium- 
rich phase. The fine black dots, which 
seem to be real, have not been identified. 

Fig 13 shows a sample to which 10 
pet calcium was added. Only two 
phases other than the matrix appear to 
be present. One is the angular gray 
phase previously identified as beryllium 
carbide, while the second is a light- 
yellow, generally angular phase present 
in fairly large amounts which can be 


FIG 9 (above)—Heat 162. Unetched. 2 pct ‘ 
Al alloy. 
FIG 10 (below)—Heat A-32. Lightly 


etched. 10 pct Si added. 
X 500. Reduced one-half in reproduction. 
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FIG 11 (above)—Heat A-25. Unetched. 


Melt reacted with silicon carbide crucible. 


FIG 12 (below)—Heat A-33. Lightly 


etched. 10 pct Ti added. 
X 500. Reduced one-half in reproduction. 


attributed to the calcium addition. 

When tin is added to beryllium, a 
two-liquid system is formed which 
causes a two-layer ingot. The heavy 
tin-rich liquid settles to the bottom 
and mechanically carries the beryllium 
carbide along with it. Fig 14 shows a 
segregated area just above the interface 
between the two metals. Globules of 
the tin-rich phase are in evidence, and 
associated with them are the familiar 
angular gray carbides. The tin phase is 
yellow and similar in appearance and 
polishing characteristics to the alumi- 
num rich phase previously described. 
It is soft and difficult to polish, as evi- 
denced by the smeary appearance in 
the photograph. The beryllium layer, 
away from the interface, is remarkably 
free of inclusions. The beryllium-rich 
phase in the tin layer is present as a 
finely dispersed eutectic resolved only 
at X 2000 magnification. 

Fig 15 and 16 are photographs of a 
sample to which 10 pct iron was added. 
Fig 15 shows the sample unetched and 
the phase attributed to iron appears in 
the grain boundaries almost entirely 
and is barely distinguishable from the 
background. The familiar gray carbides 
are present in the matrix and only 
occasionally in the iron-rich material. 
Other phases, if present, have been 
‘absorbed ”’ in the iron-rich phase. The 
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FIG 13 (above)—Heat A-34. Slightly 
etched. 10 pct Ca added. 
FIG 14 (below)}—Heat A-35. Unetched. 


10 pct Sn added. Segregated area near 


2-metal interface. 


X< 500. Reduced one-half in reproduction. 


HF etchant (Fig 16) colors the iron 
phase to a reddish brown, thus afford- 
ing a method of distinguishing it from 
other similar-appearing phases. 

Ten per cent manganese was added 
to the specimen shown in Fig 17. The 
phase attributable to manganese is 
very similar in appearance to the iron 
phase. It appears in the grain boundar- 
ies and is slightly more pink than the 
matrix. The beryllium carbide seems 
to prefer the grain-boundary location 
in this alloy. Unlike the iron phase, the 
manganese phase is not stained by 
HF but only outlined by it. 

Fig 18 shows a specimen to which 6 
pet boron was added. The phase at- 
tributable to boron appears in the grain 
boundaries and is colored red, but is 
stained blue or purple by the HF 
etchant. The familiar carbides are 
present, away from the grain boundar- 
ies. The yellow aluminum-rich phase 
also appears as a distinct constituent 
which, in some locations, is closely 
associated with the red boron phase. 

An attempt was made to produce an 
oxide phase in beryllium by adding 
silica to a melt. An increase in the light- 
blue silicon-rich phase was noted as 
well as the appearance of small 
amounts of the dark blue-green phase 
which has also sometimes been associ- 
ated with silicon. Any oxide formed, 


however, either went into solution and 
remained there, or was insoluble and 
separated by gravity from the melt. 


FIG 15 (above)—Heat A-36. Unetched. 
10 pct Fe added. 
FIG 16 (below)—Heat A-36. Etched. 10 pct 
Fe added. 


X 500. Reduced one-half in reproduction. 
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FIG 17 (above)—Heat A-37. Etched. 
10 pct Mn added. 
FIG 18 (below)}—Heat A-39. Unetched. 
6 pct B added. 


X 500. Reduced one-half in reproduction. 


Five per cent molybdenum was 
added to the specimen, represented by 
Fig 19. Until it is etched, the phase 
attributable to molybdenum, like the 
iron-rich phase, appears to be about the 
color of the matrix. It first stains, on 
etching, to a chocolate color and then 
to a black. Carbides were substantially 
absent in this specimen, but the yellow 
aluminum-rich phase appears in small 
amounts. 

A 6 pet copper alloy showed no phase 
attributable to copper. This is indica- 
tive of rather high solid solubility of 
copper in beryllium. 

In a 5 pet uranium alloy, the ura- 
nium-rich phase was not distinguisha- 
ble from the matrix in the unetched 
condition. However, the etchant stained 
the uranium-rich dendritic phase to a 
series of colors ranging from yellow to 
green. A photograph of this etched 
specimen is shown in Fig 20. The 
dendritic structure is easily seen and 
only a few carbides, largely in the 
matrix, are in evidence. 

Materials containing as low as 0.35 
pet magnesium have been shown to 
contain a phase attributable to that 
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FIG 19 (above)—Heat A-46. Slightly 
etched. 5 pct Mo added. 
FIG: 20 (above)—5 pct U alloy. Slightly 


etched. 
X 500. Reduced one-half in reproduction. 


material. In some of the early work, 
this phase was overlooked because it is 
soft and difficult to maintain during 
grinding. In addition, it is somewhat 
reactive to water and may disappear 
during polishing. Fig 21 shows this 
phase, believed to be a magnesium-rich 
constituent, in a specimen containing 
about 0.75 pct magnesium. It is bright 
“water white,” very soft as compared 
to the matrix, and readily removed by 
the HF etch, leaving pits. 

Fig 22 shows an alloy to which 5 pct 
zirconium was added. The phase at- 
tributable to zirconium is dendritic in 
appearance and, until etched, is barely 
distinguishable from the matrix, but 
the alcoholic HF etch outlines the 
phase and stains it a light blue. Further 
etching has no effect on the color. 


Summary 


Reasonably satisfactory metallo- 
graphic techniques have been devel- 
oped for beryllium and beryllium-rich 
alloys. 

The following phases have been 
identified: 


FIG 21 (above)—Melting stock containing 
0.75-1.00 Mg. Unetched. 
FIG 22 (below)—5 pct Zr alloy. Slightly 


etched. 
< 500. Reduced one-half in reproduction. 


Carbide 
Nitride 
Aluminum rich 
Silicon rich 
Calcium rich 
Titanium rich 
Tin rich 
Tron rich 

9. Manganese rich 
10. Boron rich 
11. Molybdenum rich 
12. Uranium rich 
13. Magnesium rich 
14. Zirconium rich 


SEG Sa ie Seale fale 


No second phase attributable to cop- 
per could be found in a 6 pct copper 
alloy. No phase attributable to oxygen 
or hydrogen has been found, but this 
does not preclude their presence in 
liquid or solid solutions. 
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Introduction 


This report describes the progress 
made in the research work on the de- 
velopment of a new method for prepar- 
ing lower-cost titanium tetrachloride 
and preparing titanium oxide pigment. 

One of the requirements for the com- 
mercial production of ductile titanium 


in the process used by the Bureau of 


Mines is a source of lower-cost titanium 
tetrachloride. 

The production of ductile titanium 
by a modification of the Kroll! process, 
recently developed by the Bureau of 
Mines, requires such a source of lower- 
cost titanium tetrachloride to make it 
commercially feasible. This report de- 
scribes the progress of work done at the 
Mississippi Valley Experiment Station 
at Rolla, Missouri, on the development 
of a new method for preparing titanium 
tetrachloride. During the course of this 
research a new method for preparing 
pigment-grade titanium oxide was 
developed. 
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At present, the price of technical- 
grade titanium tetrachloride is $0.32 a 
pound, which makes the price of the 
contained titanium $1.28 a pound.? In 
addition, the titanium tetrachloride 
must be purified further before it is 
suitable for processing into metal, thus 
making its cost still higher.* 


Columbus Meeting, September 1949. 

TP 2706 D. Discussion of this paper 
(2 copies) may be sent to Transactions 
AIME before December 1, 1949. 
Manuscript received Dec. 29, 1948; 
revision received June 3, 1949, 

Papers by Members of the staff of 
the Bureau of Mines are not subject 
to copyright. 

* Laboratory work for this report 
was completed Sept. 1, 1948. This 
paper presents the results of work ' 
done by the Rolla Branch, Metal- 
lurgical Division, of the Bureau of 
Mines. 

+ Principal) Metallurgical Engineer 
and Metallurgists, respectively, Rolla 
Branch, Metallurgical Div., Bureau of 
Mines, Rolla, Mo. 

1 References are at the end_of the 


paper. 


There were 8,562 tons of rutile pro- 
duced in the United States in 1947, 


-which was 900 tons in excess of that 


consumed. In addition there were 
13,937 tons in various stocks, exclusive 
of the stocks in the Government stra- 
tegic stock pile. 

No estimates of the domestic pro- 
duction of rutile are given for any of 
the prewar years. However, in 1939, 
442 tons of rutile were imported as 
compared to 14,307 tons in 1947. 

One of the reasons for the large in- 
crease in the production of rutile is the 
working of the Florida beach sands for 
ilmenite, during which a considerable 
amount of rutile is produced as a 
by-product. 

It would be of value to determine 
methods for utilizing the excess produc- 
tion of rutile. 

The Arkansas titanium deposits in 
Hot Spring County produced com- 
mercial-grade rutile concentrates from 
1933 to 1942. These were sold mainly 
to England, Germany, and Russia. 
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Table 1. . . Matte Smelting of Ilmenite with Pyrite and Coke 
Analysis, Pct Recovery, Pct 
Product Weight, 
Pet ; F Ss Total Ti Fe 
Ti e€ Cc 

Matte 64.9 40.7 14.5 ice 1.9 T.3 20.7 
INGO taleae aces ce ale venta 34.3 1.4 89.5 1.8 De 1.2 66.2 
ODE ES ee ieee ie Cee RR een RO 0.8 T.4 9.7 N.D.* 0.2 0.1 
Dustilossessicx..2 oe oe Sa es 25.3 13.0 
PROtAIG RE ee Sesh oc eee: cies 100.0 100.0 100.0 


* N.D. means not determined because of lack of sample. 


The ore dressing of low-grade ti- 
tanium ores containing approximately 
4 pct TiO, to a high-grade concentrate 
of 92 to 95 pct TiO» places an unusual 
duty upon any ore-dressing plant. A 
high recovery of rutile under these 
conditions is sacrificed to produce a 
high-grade product. Examination of 
the tailings from any rutile mill of this 
type operating on mine-run ore in the 
United States will confirm this state- 
ment. One purpose of the laboratory 
work on the matte smelting of titanium 
is to be able to utilize lower-grade 
titanium concentrates and _ thereby 
directly facilitate the conservation of 
titanium minerals. There is no present 
commercial use of rutile concentrates 
containing less than 92 pct TiO». All 
of the laboratory work at Rolla on the 
matte smelting of titanium has dealt 
with a concentrate containing only 85 
pet TiO,. The ilmenite concentrates 
treated for matte smelting were of 
standard grade and of the following 
composition: 58.4 pct TiO», 25.0 pct 
Fe, 0.37 pct P.O;, 0.11 pct V.O;. It 
is necessary to mention that, in the 
production of ilmenite concentrates, 
the same general statement holds true 
in that considerable losses of ilmenite 
occur in the attempt to produce high- 
grade ilmenite mineral concentrates. 
The recent introduction of flotation 
for the recovery of fine ilmenite and 
rutile values has been of considerable 
assistance in improving these recoy- 
eries. The presence of clay minerals, 
however, interferes with the recovery of 
fine titanium minerals in flotation the 
‘same as in gravity concentration. 


Preparation of Titanium 
Tetrachloride 


GENERAL 


Titanium tetrachloride is commonly 
prepared by one of the following proc- 
esses: (1) Chlorination of titanium 
cyanonitride, which product is pre- 
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pared from pigment-grade titanium 
dioxide or high-grade rutile concentrate 
in the electric arc furnace, (2) chlorina- 
tion of pigment-grade titanium dioxide 
at 400 to 900°C, and (3) chlorination of 
ilmenite or rutile concentrates at 500 
to 1100°C. Methods 1 and 2 suffer from 
the disadvantage of requiring a rela- 
tively expensive starting material; that 
is, pigment-grade titanium dioxide, 
which has recently been quoted at 
$0.19 per 14 lb or high-grade rutile 
concentrates which cost approximately 
$0.07 per Ib.4 Method 3. requires 
a comparatively high chlorination 
temperature. 

Chlorine is an extremely active 
chemical reagent at elevated tempera- 
tures. None of the common metals or 
alloys is resistant to its action although 
certain acid-resisting refractory brick 
and graphite are not affected by 
chlorine at the reaction temperatures 
used. In laboratory tests made on the 
chlorination of ilmenite-carbon mix- 
tures several types of graphite retorts, 
coated with the refractory cements 
available, were tried. All of the tests 
showed that graphite was unsatisfac- 
tory because of its porosity and because 
of its tendency to oxidize rapidly at 
temperatures above red heat. None of 
the coating materials adhered to the 
graphite tubes well enough to prevent 
them from being oxidized. 

It is believed that it would be ex- 
tremely advantageous to develop a 
process for producing titanium tetra- 
chloride by chlorinating a titanium 
compound at a temperature less than 
300°C. In perusing the literature it was 
found that one of the most likely com- 
pounds of titanium for this purpose was 
the sulphide. M. Picon® stated that all 
of the sulphides of titanium were at- 
tacked by chlorine at 175°C, titanium 
chloride being volatilized. 

Little previous work has been done 
on the preparation of titanium sul- 
phides. Some of the methods used were 
as follows: (1) Reaction between ti- 


tanium tetrachloride vapor and hydro- 
gen sulphide at 480 to 540°C,® (2) 
reaction between a mixture of titanium 
dioxide and graphite with dry hydrogen 
sulphide,’ (3) reaction between carbon 
disulphide and hot titanium oxide, * and 
(4) reaction between mixtures of 
iron sulphide, titanium dioxide, and 
carbon. ? 

Of these methods (1) is obviously un- 
suitable since one of the starting mate- 
rials is titanium tetrachloride. How- 
ever, during the course of this research 
some pure titanium disulphide was 
made by this method in order to pre- 
pare a standard X ray diffraction pat- 
tern and to determine some of its 
fundamental characteristics. Of the re- 
maining three methods, a variation of 
(4) appeared to be the most attractive. 


PREPARATION OF TITANIUM 
MATTES 


In January 1947 a study of the reac- 
tions between rutile, pyrite, and coke, 
and ilmenite, pyrite, and coke was 
started. In the preliminary tests 200-g 
samples, charged in a graphite crucible, 
were smelted in a 3 kv-amp. high-fre- 
quency induction furnace. All of the 
constituents were ground to minus 
200-mesh. The purpose of this work 
was to produce a matte containing all 
of the titanium in the form of the sul- 
phide, while the reduced iron was 
separated from the matte in a metallic 
button at the bottom of the crucible. 
This metal should be a useful by- 
product as molten feed to a bessemer” 
converter. 

To determine the proper conditions 
for recovering the maximum amount of 
the charged titanium in the matte and 
at the same time produce a desirable 
titanium sulphide product, the compo- 
sition of the charges, the smelting 
temperature, and the time were varied. 

In one series of experiments the com- 
position of the charge was varied from 
20 to 60 pct ilmenite and 30 to 70 pct 
pyrite, and the coke was held constant 
at 10 pct. The results of these experi- 
ments showed that, as the pyrite in the 
charge was increased, the percentage of 
titanium in the matte decreased and 
the percentage of iron increased. As 
the percentage of titanium in the matte 
increased, its solubility in 10 pct and 
concentrated sulphuric acid decreased. 
It is believed that this was caused by 
the formation of suboxides of titanium 
as the amount of pyrite in the charge 
was decreased. 

In a typical run a 200-g charge, con- 
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sisting of 60 pct ilmenite, 30 pct pyrite 
and 10 pct coke, was charged into the 
small induction furnace, heated to 
approximately 1500°C, and smelted for 
45 min. at this temperature. After the 
smelting period the charge was allowed 
to cool in the crucible and the matte 
separated from the metal. The result of 
this run is shown in Table 1. 

The results of these experiments were 
not entirely conclusive because of the 
large losses by “‘dusting’’ that occurred 
during the charging of the small induc- 
tion furnace and during the reaction 
period. However, in larger-scale work 
when rutile was smelted with pyrite 
and coke, recoveries exceeding 90 pct 
of the titanium in the charge were ob- 
tained in the mattes. These initial ex- 
periments showed that it was possible 
to prepare titanium mattes by smelting 
mixtures of ilmenite, pyrite and coke 
at approximately 1550°C. 

Several small-scale experiments were 
made in which mixtures of rutile, py- 
rite, and coke were smelted in the small 


_inductien furnace to determine whether 


there was any difference in the be- 
havior of rutile in the matte smelting 
reaction as compared to ilmenite. No 
marked difference was found between 
the two minerals. However, rutile gave 
a distinctly less violent reaction than 
ilmenite, and the fusion temperature of 
the various mixes was somewhat 
higher. The rutile used in these and all 
of the following tests was an 85-pct 
TiO, mill concentrate which did not 
meet the specifications of commercial- 
grade rutile. 

Little work has been done on identi- 
fication of the various matte constitu- 
ents_and a large number of these re- 
main to be identified. It is believed that 
some of the reactions which occur are 


__as follows: 


TiO, + 2C = TiO + CO 


+ 2CO 


~CO,+ C = 2CO 


ATiO, + 3FeS, + 8C = 2Ti.S; 

+ 3Fe + 8CO 
TiO + TiS, = TiO: TiS, 
TiO, + FeS, + 2C = TiFeS. + 2CO 
2TiO, + C = Ti.0; + CO 


TiO, + 3C = TiC + 2CO 


FeS. = FSS +5 
2TiO. + 4C + 4FeS = 2TiS, 
+ 4Fe + 4CO 
ose + 3Fe + 4CO 
2TiO; + 4C + 2FeS = QTiS 
, +4CO + 2Fe 


X ray studies of the mattes are being 
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made to determine the various con- 
stituents present in order to increase 
our knowledge of the reactions which 
occur during matte smelting. 


CHLORINATION OF TITANIUM 
MATTES 


In order to prepare a sufficiently 
large sample of titanium matte for 
chlorination experiments, several sam- 
ples of matte were prepared in the 
35 kv-amp. high-frequency induction 
furnace. This larger induction furnace 
was similar to the one previously de- 
scribed, except that the inside diameter 
of the graphite crucible was 334 in. as 
compared to 134 in. for the smaller 
furnace, and 1,500-g charges were 
smelted as compared to the 150- and 
200-g charges melted in the smaller 
furnace. 

In most of the experiments the 
charge was smelted for one hour at an 
approximate temperature of 1550°C, 
allowed to cool, and the matte sepa- 
rated from the metal. The charge com- 
positions and chemical analyses of four 
typical mattes are shown in Table 2. 


Table 2... Matte Samples Used 


in Chlorination Experiments 


Analysis, pct 


Composition of 
ple ; Charge, Pct 


1 {44.6} 9.4|19.7/2.2]55 pct rutile, 35 pct 
pyrite, and 10 pct 


coke. 
2 |37.2|14.8]27.2)2.5]) 45 pct rutile, 45 pct 
pyrite, and 10 pct 


coke. 
3 |31.6/22.8/31.2)3.7| 35 pct rutile, 55 pct 
pyrite, and 10 pct 


coke. 

4 |37.3/19.3]28.1)1.5] 45 pct rutile, 45 pct 
pyrite, and 10 pct 
coke. 


After spending considerable time in 
devising suitable apparatus for carry- 
ing out the chlorination experiments; it 
was found that a stainless-steel retort 
containing 25 pct chromium and 12 pct 
nickel was most satisfactory. A collect- 
ing system was devised that consisted 
of a short length of 1}4-in. stainless 
steel pipe welded to the retort which 
was in turn connected by means of a 
length of rubber tubing to a length of 
114-in. glass tubing that extended into 
a 4-liter filter flask serving as a col- 
lecting vessel. The flask was connected 
in series to three 500-ml Erlenmeyer 
flasks, the first of which contained 
hydrochloric acid and the other two, 
water. The purpose of the first Erlen- 
meyer was to keep the system free of 
water vapor, and the other two were to 
remove the volatile titanium com- 


pounds in the exit gas. The retort was 
heated by a tube furnace held in a 
vertical position. The charge was sup- 
ported on a carbon plug drilled with 
¥,-in. holes, which in turn was held in 
position by means of the chlorine inlet 
tube which was flared at its end. A 114- 
in. pipe cap was screwed on the bottom 
of the retort to make the apparatus air- 
tight, and the cap was drilled and 
tapped to permit the chlorine inlet tube 
to pass inside the retort. 

In order to keep the charge, which 
was ground to. minus 200-mesh, from 
falling through the carbon plug, it had 
to be mixed with a binder. In several of 
the earlier tests fuel oil was used as 
binder. However, it was later found 
that benzol was more suitable for the 
laboratory work as it volatilized at a 
lower temperature. In some of the 
earlier runs activated charcoal was 
mixed with the titanium matte in the 
charge; but, as it seemed to have little 
effect on the chlorination reaction, its 
use was discontinued. 

The reaction time and temperature 
were varied considerably during the 
earlier experiments. Temperatures from 
room temperature to as high as-400°C 
and reaction periods from I to 4 hr 
were used. However, in later runs, a 
reaction temperature of 200 to 220°C 
and a reaction time of 4 hr were used. 
After chlorination, the residues were 
generally leached with water to remove 
any of the ferric chloride formed, so as 
to provide an analytical sample that 
was not hygroscopic. 

The initial experiments showed that 
it was possible to recover 60 pct of the 
titanium in the mattes by chlorination, 
when the charge composition of the 
matte contained 45 pct or more pyrite. 
Additional tests were made to improve 
the titanium recovery from mattes con- 
taining 55 pct rutile, as it was obvious 
that it would be more economical to 
prepare a matte of higher titanium 
content. These later runs showed that 
recovery could be increased and are 
described later. 

The product obtained by the chlorin- 
ation of titanium mattes was a yellow, 
hygroscopic, crystalline solid which 
fumed when exposed to the atmosphere. 
During the course of the reaction an 
amber liquid was first recovered, which 
was converted to the yellow solid by 
further reaction. The chemical compo- 
sition of this solid, as determined in 
some 5 or 6 dozen cases was as follows: 
Titanium 17-21 pct, sulphur 4-6 pct, 
chlorine 67-75 pct. It is believed that. 
chlorination proceeded according to the 
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following reactions: 

1: TiS.+ 2Cl, = TiCl, + 28 

2: 28 + Cl, = 28Cl 

3. TiCl, + 4SC]l = Ti€lSCl, + 35 

The product obtained from the vari- 
ous chlorination reactions was identified 
as a mixture of titanium tetrachlo- 
ride and titanium sulpho-octochloride 
(TiCl,SCl,). It is apparent that this 
product must be treated further to re- 
move the sulphur. 


REMOVAL OF SULPHUR FROM 
CRUDE TITANIUM CHLORIDE 


Several methods were tried for 
purifying the material obtained by the 
chlorination of titanium matte. Simple 
distillation was unsuccessful because 
titanium tetrachloride and sulphur 
monochloride have boiling points that 
are within 0.8°C of each other. A num- 
ber of inorganic materials, that have an 
affinity for sulphur, were added to the 
crude titanium chloride, and the mix- 
ture was heated until distillation 
occurred. Some of the reagents used 
were sodium carbonate, sodium hy- 
droxide, lime, aluminum powder, iron 
powder, and titanium wire and pow- 
der. None was satisfactory as the sul- 
phur content of the product varied 
from 0.23 to 3.00 pct. 

At the suggestion of O. C. Ralston, 
chief of the Metallurgical Division, 
Bureau of Mines, fixed oils, such as 
cottonseed oil, and fatty acids such as 
palmitic acid, coconut oil fatty acid, 
and oleic acid were mixed with the 
impure titanium tetrachloride and 
heated slowly for a short time until 
distillation occurred. The use of such 
an oil was to provide a material that 
could be chlorinated by the sulphur 
chloride present thus splitting the 
sulphur from the chlorine and forming 
elemental sulphur, which has a con- 
siderably higher boiling point than 
titanium tetrachloride. 

These fatty acids and oils were more 
successful than the inorganic reagents 
which had been used previously. In 
several runs titanium tetrachloride 
with a sulphur content of as low as 0.02 
pet was produced. The optimum 


amount of oil used was 4 pct of the 
weight of the crude titanium com- 
pound charged. 

In a typical run in which the charge 
consisted of 50 g of impure titanium 
compound and 2 g of soya bean oil fatty 
acids, three distillates were obtained. 
The first distillate contained 1.74 pct 
sulphur and consisted of 9.9 pet of the 
titanium charged, the second contained 
0.02 pct sulphur and consisted of 52.5 
pet of the titanium charged, while the 
third contained 0.09 pet sulphur and 
consisted of 24.0 pct of the titanium 
charged. The residue contained 13.6 pct 
of the titanium charged. The distillates 
which were high in sulphur could be 
returned to the still for further treat- 
ment. It should also be possible to re- 
duce the titanium losses in the residue 
so that it may be safely assumed that 
90 pet or more of the titanium charged 
should be recovered. 

Further work showed that it was 
possible to replace the fatty acids and 
oils with tall oil, a cheaper material 
obtained as a by-product in the manu- 
facture of paper. 

At present, nothing is known of the 
amount of sulphur that may be toler- 
ated in the titanium tetrachloride used 
in the Kroll process. It may be possible 
to use a product that is less pure than 
has been previously described, which 
would naturally lower the operating 
cost and probably increase the titanium 
recovery. 


USE OF SILICON IN MATTE 
SMELTING 


All of the titanium mattes prepared 
thus far contained a certain amount of 
iron, probably in the form of suspended 
metallics and as iron sulphide. During 
chlorination a considerable amount of 
chlorine is used in producing ferric 
chloride, as iron is attacked before 
titanium. The commercial value of this 
byproduct has not been investigated. 
Several methods were tried to lower the 
iron content of the mattes. Various 
reagents, including sodium carbonate, 
lime, aluminum, copper, and _ elec- 
trolytic manganese were added to 


Table 3. . . Matte Smelting in the Globar Furnace 


: Analysis, Pct Distribution of, Pct 
Product Weight, 
Pct 
Ti Fe iS) Ti Fe Ss 
Mien tio ee eee New tk 19.7 48.5 8.6 19.6 97.0 
Netalien a Ceii cei ek ho! 18.0 2.0 | 86.4 207 0.9 68.9 30 
ISTE ss oi Poa ara 2.3 | 36.2 6.6 5.6 2.1 0.7 0.8 
Gamposite meks osa si: 100.0 100.0 | 100.0 100.0 
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samples of matte in the molten condi- 
tion. All of these reagents were inef- 
fective. During a conference with Dr. 
William J. Kroll of the Albany, Oregon, 
Branch of the Bureau of Mines it was 
suggested by him that silicon be tried 
as a desulphurizer. It was believed 
that the silicon. might react with the 
iron sulphide in the matte removing the 
sulphur in the form of volatile silicon 
sulphide thus forming metallic iron 
which would be collected in the metal- 
lic button. 

Various methods of adding silicon 
to the charge were tried. One of the 
most effective ones appeared to be to 
smelt the batch of rutile, pyrite, and 
coke in the usual manner, hold it at the 
reaction temperature for 30 min. to one 
hour, then add the metallic silicon, stir 
the batch as thoroughly as possible and 
hold it for an additional shorter period, 
usually 15 to 30 min. at the reaction 
temperature, 1500 to 1550°C. 

Many mattes were prepared in which 
silicon was added to the charge. The 
amount of silicon added was’2 to 4 
pet of the weight of the charge. In 
general, theiron contents of the finished 
mattes were lower than those of cor- 
responding mattes in which silicon was 
not used. However, all of the mattes 
contained some silicon, ranging from 
0.11-to 8.7 pet, depending on the quan- 
tity of silicon added and the method of 
mixing it with the matte. In some in- 
stances, when the silicon was not 
thoroughly stirred into the matte it 
collected on the surface in the form of a 
slag. 

Several of the silicon-containing 
mattes were chlorinated. In general, 
the titanium recoveries were somewhat 
higher when silicon was added to the 
matte. In one case, a titanium recovery 
in excess of 90 pct was obtained from a 
matte with a charge composition of 55 
pet rutile, 35 pet pyrite, and 10 pct 
coke, to which silicon amounting to 2 
pet of the original charge was added. 
In several other runs in which all of the 
experimental conditions of the previous 
test were duplicated, it was not possible 
to obtain a titanium recovery in excess 
of 70 pet. Apparently, this reaction of 
silicon with titanium matte is very 
sensitive and difficult to control. The 
function of silicon in the matte smelt- 
ing reaction has not been ascertained. 
However, in most cases, the bulk of the 
silicon was not volatilized and remained 
in the matte, slag, and metal. Some of 
the metals had a silicon content of 
nearly 10 pet. More experimental work 
is necessary to determine the function 
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of metallic silicon when introduced 
into molten titanium mattes. 


SMELTING IN THE GLOBAR 
FURNACE 


It was noted in the early work that 
an induction furnace was not entirely 
satisfactory for preparing titanium 
mattes because of its uneven heating 
caused by the difference in conductance 
of the metallics and the matte, and 
because of the dusting losses which 
occurred when the furnace was charged. 
The experiments made in the induction 
furnace, however, gave an indication 
of the results that might be obtained in 
larger-scale work. 

A series of experiments was made in 
a globar furnace to approach more 
nearly the hearth-type furnace and 
determine its suitability for titanium 
matte smelting. The furnace used had 
a hearth that was 18 in. deep and 25 
in. wide. The roof was arched, and it 
was 1714 in. high on each side and 18144 
in. in the center. There was enough 
room to charge four crucibles. The 
samples were charged into deep graph- 
ite crucibles to make a better separa- 
tion between metal, matte, and slag. 

In_all of the experiments the charge 
weights were varied from 2000 to 2400 
g. In the initial runs the samples were 
charged at 1200°C, heated to 1550°C, 
and held at this temperature for one 
hour, the total furnacing time being 7 
hr. In later runs the samples were 
charged at 1550°C and the total fur- 
nacing time was 414 hr. In two of the 
runs in which silicon was added to the 
samples, the charge was held at 1550°C 
for one hour previous to the addition. 
After the silicon was added the charge 
was stirred and held at the reaction 
temperature for another 30 min. The 
total time the samples were in the fur- 
nace was 6 hr. In some of the experi- 


ments the samples were held at the 


reaction temperature for 30 min. 
A typical run consisted of mixing a 


; -2000-¢ charge containing 55 pct rutile, 


35 pet pyrite, and 10 pet coke, charging 
into the globar furnace at 1100°C and 


heating for a period of 30 min. at 


1550°C. The analyses of the matte, 
metal, and slag formed are shown in 
Table 3. 

All of the mattes produced in the 
globar furnace were chlorinated under 
various experimental conditions. The 
reaction temperatures were varied from 
200 to 300°C, while the time was held 
constant at 4 hr. The results of these 
experiments showed that in most cases 
the titanium recoveries obtained from 
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samples made in the globar furnace 
were approximately the same as sam- 
ples made in the induction furnace. 
The smelts made in the globar furnace, 
to which silicon had been added, 
showed that a considerable amount of 
the silicon was in the slag. This was 
probably caused by the difficulty of 
stirring these samples while they were 
being heated. 

In runs in which the reaction time 
was reduced from one hour to 14 hr the 
titanium recovery was somewhat lower. 
In several of the samples in which the 
rutile was increased to more than 60 
pet of the weight of the charge, the 
uitanium recovery was markedly re- 
duced when the sample was chlorin- 
ated. The titanium recoveries obtained 
by the chlorination of several mattes 
made in the globar furnace are shown 
in Table 4. 


SMELTING IN THE ELECTRIC ARC 
FURNACE 


In order to prepare larger samples of 
titanium matte than had been made 
previously and also to study the smelt- 
ing of these mattes in an electric arc 
furnace, several charges were smelted 
in a 100 kv-amp. single phase series arc 
furnace which had a carbon hearth. 

In one run a charge weighing 100 Ib 
and consisting of 55 pct rutile, 35 
pet pyrite, and 10 pct coke was 
smelted. When the charge became 
molten at 1550°C, 2 pct by weight of 
silicon was added. After the silicon was 
added, the bath was thoroughly rab- 
bled, and then poured. The total time 
between charging and pouring was 
about 2 hr, and the current and voltage 
were 900 amp and 70 volts, respec- 
tively. The rutile charge seemed to be 
ideal for smelting in an arc furnace, and 
the electrode consumption was con- 
sidered normal. The matte from the 
fusion contained 42.6 pct titanium, 
24.3 pet sulphur, 10.9 pet iron, and 0.11 
pct silicon. 


A chlorination experiment made on a 
sample of this matte in which the 
initial temperature was 150°C, the re- 
action time 4 hr, and the average 
chlorine flow 204 cc per min., gave a 
titanium recovery of 81.3 pct and an 
iron recovery of 95.0 pct. This was ap- 
proximately the same titanium re- 
covery as obtained previously in 
smaller-scale runs made in the induc- 
tion furnace in which metallic silicon 
was added to the matte. 


Preparation of Titanium 
Oxide Pigments 


GENERAL 


During the past 20 years the use of 
titanium oxide pigments has increased 
tremendously. Since 1939 titanium di- 
oxide has been utilized in greater 
quantity than any other white pig- 
ment.!° Production and sales of ti- 
tanium pigments established new high 
records in 1947, but the capacity pro- 
duction rate was inadequate by a sub- 
stantial margin to fill the peak and 
still growing demand for the product. 
Because of its superior pigment prop- 
erties it is reasonable to expect that the 
demand for titanium dioxide will con- 
tinue to be strong. 

During 1947, 473,154 tons of il- 
menite, estimated to contain 248,231 
tons of titanium dioxide, were used for 
making pigmentsin the United States. 
As far as is known, no rutile was used. 
The reasons for this are the difficulty 
of extracting pigment-grade titania 
fromrutile and the present higher cost 
of rutile concentrates, as compared to 
ilmenite. If our reserves of ilmenite 
should become depleted, it may become 
necessary to use rutile or other t- 
tanium minerals as a source of pigment- 
grade titanium dioxide some time in 
the future. The use of lower-grade 
rutile concentrates should lower the 
cost of producing titanium dioxide 


Table 4... . Chlorination of Titanium Mattes Made in the Globar Furnace 
Se a te aL Lea, a a ee 


Recovery, Pct 
Analysis, Pet ae by Chlorination 
Sam- Charge Composition, Pct 
ple - - and Remarks 
Ti Fe Ss C Ti Fe 
i i 5.8 82.9 
5 26.0 31.4 2.8 | 35 rutile, 55 pyrite, 10 coke. Reac-| 69. 
z ae a tion time is 1 hr at 1550°C, total 
“time in Angee is 7 ie Set ae oou4 
8.6 19.6 2.4 | 55 rutile, 35 pyrite, coke. Reac- . 
: om tion time is 1 hr Os 1550°C, total 
time in furnace is 7 hr. 
i, 39.5 Lie 22.8 Ba I 49.4 rutile, 38.0 pyrite, 12.6 coke. 66.0 88.5 
Total time in furnace 4)2 hr. Held ( 
at 1550°C for 1 hr. | 
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Table 5. . . Leaching Titanium Matte with Sulphuric Acid 


a enna ore ee Se ea si eS ee eee EO Se 


Concentration Recovery 
Sample 
Ti Fe Ti Fe 
TEACH QUOLS sani tiees oaete  ee,  toee 21.55 g per liter | 13.94 g per liter 60.4 95.4 
iescne?. Bese ee Ns ated soy aN 36.35 pct 1.74 pet 39.6 4.6 
Composite. . -| 43.50 pet 17.80 pct 100.0 100.0 


from this mineral. 

In the earlier work it was shown that 
titanium mattes made from ilmenite 
were soluble in 10 pct and concentrated 
sulphuric acid solutions. A study of the 
solubility of titanium mattes made 
from ilmenite and rutile was under- 
taken to determine whether the mattes 
would be suitable starting materials for 
the production of titanium oxide 
pigments. 


LEACHING WITH AQUEOUS 
HYDROCHLORIC AND SULPHURIC 
ACID SOLUTIONS 


The usual method of extracting ti- 
tanium from ilmenite is by digestion 
with concentrated sulphuric acid solu- 
tions at 150 to 180°C. Accordingly, 
in the initial runs the mattes were 
leached with sulphuric acid solutions 
of various concentrations. The leaching 
times and temperatures were varied. 
In a typical run a 50-g sample of matte 
made by smelting a mixture of 49.4 
pct rutile, 38.0 pct pyrite, and 12.6 pct 


coke in the 35 kv-amp. induction fur-- 


nace for one hour at 1600°C and con- 
taining 43.0 pct titanium, 16.1 pct 
iron, 20.2 pct sulphur, and 4.8 pct 
carbon was leached with 143.6 g of 97 
pet sulphuric acid solution for a period 
of 4 hr at 160 to 180°C. The mixture, 
which was then quite viscous, was 
allowed to cool and agitated for an 
additional 44 hr with 300 ml of water 
at 60 to 80°C, filtered, and washed with 
200 ml of water. The results of this run 
are shown in Table 5. 

The results of the leaching experi- 
-ments with sulphuric acid solutions 
. showed that recoveries of 25 to 75 pct 

of the titanium in the mattes could be 
obtained, dependent on the reaction 
conditions. Higher titanium recoveries 
were obtained when higher leaching 
temperatures and more concentrated 
sulphuric acid solutions were used. 
Increasing the amount of sulphuric 
acid above a 10 pct excess had no effect 
on titanium recovery. Increasing the 
leaching time to a period greater than 
4 hr gave slightly higher titanium 
recoveries. In several cases titanium 
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mattes that were made from charges 
containing 35 pct or less rutile gave 
recoveries that were greater than 90 
pct when leached with sulphuric acid 
solutions. 

Several experiments were made in 
which hydrochloric acid solutions were 
used to leach some of the titanium 
mattes. Concentrations of 10 pct, 20.24 
pet (constant boiling mixture), and 37 
pet hydrochloric acid solutions were 
used. In no case was it possible to ob- 
tain a titanium recovery greater than 
30 pct. This was considerably less than 
had been obtained with sulphuric acid 
solutions. It is believed that leaching 
with hydrochloric acid removed only 
the TiS and subsulphide contents of 
the mattes. 


BAKING WITH SULPHURIC ACID 


In the earlier experiments, it was 
found that, when the mattes were 
leached with sulphuric acid, increasing 
the temperature increased the titanium 
recovery. A series of experiments was 
made in which titanium mattes were 
baked with sulphuric acid at tempera- 
tures varying from 200 to 400°C. The 
amounts of sulphuric acid used, the 
reaction temperatures, and reaction 
times were varied. The general pro- 
cedure was to mix the acid and matte, 
bake at the required temperature, al- 
low to cool, leach with water, filter and 
wash the residue. The optimum ex- 
perimental conditions were baking for 
1 to 2 hr at a temperature of 200 to 
250°C. with a 100 pct stoichiometric 
excess of sulphuric acid. With these 
conditions it was possible to recover 
90 to 95 pct of the titanium from 


mattes of high titanium content (40-50 
pet titanium). Baking these mattes 
with sulphuric acid increased the ti- 
tanium recoveries from 15 to 25 pct as 
compared to similar experiments in 
which they were leached with aqueous 
sulphuric acid solutions. It is believed 
that the higher temperatures used in 
the baking experiments put the sub- 
oxides of titanium into solution. 

In a typical run a 50-g sample of 
matte made from a batch consisting of 
55 pet rutile, 35 pet pyrite and 10 pet 
coke, and containing 42.8 pct titanium, 
9.2 pct iron, 20.2 pct sulphur, and 1.78 
pet carbon was mixed with 205.5 g of 
concentrated sulphuric acid and heated 
for 2 hr at 225 to 250°C. The sample 
was allowed to cool, leached with 300 
ml of water, filtered and the residue 
washed with 200 ml of water. The 
result of this run is shown in Table 6. 

There are several advantages in 
treating titanium matte, as compared 
to ilmenite. For one, the quantity of 
iron in the matte is considerably lower 
than in ilmenite, thus reducing the 
amount of ferrous sulphate in the leach 
solution. The leach solutions obtained 
from high titanium mattes contained 
one-sixth to one-eighth the amount of 
iron as compared to similar solutions 
from ilmenite. This will simplify the 
purification process by reducing the 
amount of ferrous sulphate to be 
handled. Another advantage is the fact 
that the matte has a higher titanium 
content than ilmenite thus reducing 
the handling cost. Although con- 
siderable acid (100 pct stoichiometric 
excess) is necessary in most cases for a 
maximum titanium recovery, a large 
amount of this acid can be recovered 
in the form of sulphur trioxide and 
elemental sulphur. 

It has been shown that titanium re- 
coveries in excess of 95 pct can be ob- 
tained by baking titanium mattes with 
sulphuric acid at 200 to 250°C. Very 
little work has been done, however, on 
the precipitation of titanium dioxide or 
the adjustment of the concentration of 
the leach solution. It is believed that 
a countercurrent decantation system 


Table 6. . . Baking Titanium Matte with Sulphuric Acid 


Concentration Recovery 
Sample ; 
Ti Fe Ti Fe 
Beach liquor. jc cociens tue eee 37.6 g per liter 8.6 er lite 8.6 
Residuests40 5 oy. ees ee ee 2.6 pet 0. da at ee a : 4 ati 
Gomipositencii sc. 2c hole ene 45.0 pet 10.24 pet 100.0 100.0 
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of leaching can be developed for 
leaching the baked matte. A sulphur 
balance must also be made to deter- 
mine the amount that may be re- 
covered from the system. 


BAKING CHLORINATION 
RESIDUES WITH SULPHURIC 
ACID 


The residues from the various 
chlorination tests contained 30 to 60 
pet of the titanium in the original 
mattes and analyzed 25 to 35 pct 
titanium. Several runs were made on 
samples of these residues obtained from 
the chlorination of mattes prepared 
in the electric arc, induction, and 
globar furnaces. The procedure used 
was similar to that described in the 
previous section and consisted of bak- 
ing the chlorination residue with sul- 
phuric acid followed by a water leach. 
In all cases titanium recoveries over 
90 pct were obtained. The arc-furnace 
product gave a recovery of 98.4 pct, the 
induction furnace product gave 90.6 
pet, and the globar furnace gave 94.7 
pet. 

In Table 7 are shown the chemical 
analyses and over-all distribution of 
titanium in the various products ob- 
tained by chlorination and sulphuric 
acid baking of a sample of titanium 
matte prepared in the electric arc 
furnace. 


Arecovery of 95.2 pct of the titanium. 


in the rutile concentrate has been ob- 
tained in usable form. It is also be- 
lieved that a major part of the titanium 
in the slag may be recovered by sul- 
phuric acid leaching or baking. 


Preparation of Titanium 
Sulphides by Reaction of 
Rutile with Carbon 
Disulphide Vapor 


Several experiments were made to 
determine whether titanium sulphides 


Table 7... 


could be economically prepared from 
rutile by reaction with carbon disul- 
phide vapor at elevated temperatures. 
In these tests, 85 pct rutile concentrates 
and a sample of low-grade rutile 
middling were sulphidized. Work on 
the low-grade material was abandoned 
when it was found that the gangue 
mineral, ankerite (CaO-(MgFe)0.2CO.) 
was sulphidized before the rutile, thus 
causing an excessive consumption of 
carbon disulphide. 

The procedure and apparatus used 
in these experiments were as follows: 
A weighed sample was mixed with a 
binder and charged into a vertical tube 
furnace. The charge was supported on 
a carbon block which was drilled with 
\We-in. holes to permit the carbon 
disulphide vapors to pass through the 
sample. The alundum or fused-silica 
tube was heated by an electric resist- 
ance furnace controlled by a rheostat. 
A weighed sample of carbon disulphide 
was placed in a three-necked Pyrex 
flask and heated by a water bath. A 
current of helium gas was passed over 
the surface of the carbon disulphide to 
carry it through the charge. The gases 
issuing from the top of the retort were 
passed through a water-cooled con- 
denser to condense any unreacted 
carbon disulphide. The carbon disul- 
phide was collected in a separatory 
funnel and returned to the distillation 
flask, while the tail gases were bubbled 
through a water trap to the atmosphere. 

In a typical run a 150-g sample of 
85 pct rutile was mixed with 7.9 g 
of sawdust and 29 g of water and 
heated to 800°C for 15 min. to remove 
the water and the volatiles in the saw- 
dust. The charge was then heated at 
1100°C for 8 hr while carbon disulphide 
vapor was passed through it. During 
the run 272 g of carbon disulphide were 
used. Part of this was used to sulphi- 
dize the rutile while the remainder 
was decomposed to form carbon and 
elemental sulphur. The analysis of the 
product obtained was 42.2 pct 


Over-all Distribution of Titanium in Products from Titanium 


Matte 
re ee) 
Concentration 
Titanium 
Sample Recovery 
EL Fe S, Pct | Cl, Pct 
Gijlorisied prodact-s)ss os. ..3.: 17.8 pet 0.71 pet 5. 18.4 63.6 
accel liquor font sulphuric acid bake} 34.5 i per liter | 1.6 g per liter 31 aC 
Weeach Tesi sccrcs estas ass we 4.4 pet 0.9 pet 4. ae 
duct obtained during 
ee apselts ae re RRA nl CREE 0.33 pet 85.9 pet a2 
Slag from matte smelting..........| 39.8 pet 3.7 pet 18.8 zs ‘ 
4 aj Fz (ahaa oe) 7), 5 ae eer 100.0 
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titanium, 26.4 pct combined sulphur, 
2.4 pet free sulphur, and 0.54 pct 
carbon. 

A 100-g sample of this sulphidized 
product was chlorinated for 414 hr at 
200 to 220°C. A recovery of 59.4 pet 
of the titanium in the rutile was ob- 
tained. The product contained 15.3 
pet titanium, 0.5 pct iron, 7.8 pct 
sulphur, and 78.1 pct chlorine. 

It is believed that a higher recovery 
of titanium may be obtained, but this 
will be at the expense of greater car- 
bon disulphide consumption and longer 
reaction times. 


Conclusions 


The results of the laboratory research 
work done thus far indicate that it is 
possible to produce titanium tetra- 
chloride and titanium oxide from rutile 
by means of smelting the rutile with 
pyrite and coke and then processing 
the titanium matte. An impure iron is 
recovered as a byproduct. Ilmenite may 
be treated in the same way as rutile. 

Recoveries of from 65 to 81 pct of the 
titanium in rutile may be obtained as 
an impure titanium tetrachloride by 
chlorinating titanium mattes at 150 
to 250°C. When titanium matte is 
baked with sulphuric acid at 200 to 
250°C, recoveries of 90 pet or more of 
the titanium in the rutile are obtained 
in the form of a titanium sulphate solu- 
tion which is suitable for the recovery 
of pigment-grade titanium dioxide. 

Chlorinating the mattes, followed by 
baking the residues with sulphuric acid 
gave titanium recoveries greater than 
90 pet. 
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Recovery of Zine by the Dithionate 
Sulphur-dioxide Leaching Process 


OOO Oy WO OesO} Ov LOMO Os OO) 9) 2S HOC COO O- O 


S. F. RAVITZ,* Member AIME, and A. E. BACK* 


When manganese ores are leached 
with sulphur dioxide, a large part of 
any zinc in the ore usually is extracted 
with the manganese.! In the dithionate 
process,”;? in which the manganese ore 
is leached with dilute sulphur dioxide 
gas and the manganese is subsequently 
precipitated by adding lime to the 
pregnant solution, the zinc is precipi- 
tated with the manganese. These facts 
suggested the possibility of applying 
the dithionate process to the recovery 
of zinc from oxidized ores or calcined 
sulphide concentrates. Accordingly, an 
investigation was begun, and _ pre- 
liminary tests were made on several 
ores and concentrates. The results 
were encouraging, but the need to 
devote available funds and personnel 
to other projects made it necessary to 
drop the work before the various fac- 
tors involved in the process could be 
studied in detail. A brief mention of the 
process,‘ however, elicited a number of 
inquiries, so that it appeared desirable 
- to report the results of the preliminary 
work. 

The dithionate process as applied to 
zinc may be summarized briefly as 
follows: The ore or calcined concen- 
trate is leached with dilute SO, gas to 
dissolve the zinc, largely as zinc sul- 
phate, in accordance with the following 
equation in which [ZnO] represents the 
“oxide zinc’’ in the ore or calcine: 


1 

[ZnO] + SOs(g) + 5 O2 = Zn**8O,-— 

[1] 
If, in the leaching step, the ore or cal- 
cine is suspended in calcium dithionate 
solution, the sulphate ion, as it is 
formed, is precipitated immediately as 
calcium sulphate, which is  subse- 


quently filtered off with the insoluble 
ore residue: 
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ZuttSO,-— + Catt§,06-— 
= CaSO,(s) + Znt+S.0.-- [2] 


An alternative procedure is to suspend 
the ore in water, filter off the insoluble 
ore residue after leaching, add calcium 
dithionate-to the resulting zinc sulphate 
solution, and then filter off the calcium 
sulphate. precipitate. In either event 
the zinc is obtained in the form of a 
pregnant solution of zinc dithionate, 
from which it can be precipitated as 
relatively pure zinc hydroxide by add- 
ing milk of lime: 


Zn**8,0¢—— + Ca(OH)» 
= Zn(OH).(s) + Cat*8.0.—- [3] 


The zinc hydroxide precipitate is cal- 
cined to form the final zinc oxide 
product: 


Zn(OH)2 = ZnO(s) + H:0(g) [41 


Theoretically the process is com- 
pletely cyclic with respect to dithionate 
ion, the calcium dithionate required for 
reaction 2 being replaced by that 
formed in reaction 3. In practice, of 
course, small amounts of dithionate 
would be lost in the various filter 
cakes, depending on the economic 
washing limits. In the leaching step, 
however, some of the SO» is oxidized to 
dithionate instead of sulphate, accord- 
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ing to the following overall reaction: 


1 
ZnO + 280.9) + 5 O2(g) 
— Znt*8.06--, [5] 


so that the dithionate losses are made 
up, at least in part. 


Ores and Concentrates 
Tested 


The analyses of the ores and concen- 
trates tested are summarized in Table 
1, which also includes the analyses of 
the calcines produced from the concen- 
trates. The concentrates were roasted 
in a laboratory muffle furnace at the 
temperatures indicated until evolution 
of SO. could no longer be detected; 
shallow clay dishes ordinarily were 
used; but calcines 2a and 2c were pre- 
pared in iron dishes, with the result. 
that these two calcines were badly 
contaminated with iron scale. 

The “‘complex”’ concentrate, sample 
1, consisted essentially of sphalerite 
grains containing inclusions of pyrite 
and other sulphide minerals too minute 
to be liberated by grinding within 
economic limits. In the “‘marmatitic”’ 
concentrate, sample 2, the iron was 
present largely as marmatite (that is, 
as iron sulphide in solid solution in 
zinc sulphide) rather than as pyrite 
inclusions. The zinc was _ present 
largely as the carbonate in the two 
“oxidized”’ ores, samples 3 and 4, and 
as the silicate in the “‘willemite’’ ore, 
sample 5. 


Leaching Tests 


The leaching cell was a 3-liter glass 
beaker placed in an electrically heated 
water bath manually controlled to 
maintain a temperature of 35°C in the 
leach slurry. The slurry was agitated 
by means of a flat paddle-type stirrer 
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rotating near the bottom of the cell at 
about 500 rpm. A mixture of SO, and 
air, containing approximately 3.5 pct 
SO; to simulate waste smelter gas, was 
introduced at a constant rate through 
two 1-mm glass orifices, the gas emerg- 
ing in the direction of rotation of the 
stirrer at a point near the periphery 
of the cell about an inch above the 
bottom. 

The material to be leached was sus- 
pended in water. In each test a quan- 
tity of minus 65-mesh ore or calcined 
concentrate containing approximately 
90 g of zinc was placed in the cell, 1500 
ml of water was added, the stirrer was 
turned on, and the 3.5-pct SO: gas was 
introduced at the rate of approximately 
36 g per hr for the desired length of 
time, usually 6 hr. At the end of the 
leach the slurry was filtered, the residue 
was washed, and the products were 
analyzed. The results of various leach- 
ing tests are given in Table 2. 

With 4.1 to 4.7 g of SO. per gram of 
zinc, 83 to 87 pct of the zinc was ex- 
tracted from the calcined concentrates 
and from the Goodsprings ore; under 
similar conditions, 72 pct was extracted 
from the Leadville ore. Utilization of 
SO, was rather poor, since theoretically 
approximately 1.0 g of SO. would be 
required per gram of zinc to form zinc 
sulphate or sulphite and 2.0 g would 
be required to form zinc dithionate. 
The two tests on calcine 1b and the five 
on the Leadville ore indicate that SO, 
utilization becomes poorer as leaching 
progresses. The willemite ore gave an 
extraction of 61 pct with 2.7 g of SO, 
per gram of zinc, and it is probable that 
higher extraction would have been 
obtained with more SO». Extraction of 
silica from the willemite ore was 52 
pct; the leach slurry filtered fairly well, 
but the filtrate sample, when examined 
some 46 days later, was found to have 
gelled. The calcine and Leadville ore 

slurries filtered rapidly, but the Good- 
springs ore slurry filtered very slowly. 

Extraction of zinc from the calcined 
concentrates agreed well with the per- 
centage of zinc present as oxide, as 

_determined by solubility in strong 
ammonium chloride-ammonium _hy- 
droxide solution; leaching tests with 
dilute sulphuric acid likewise gave 
approximately the same results. Micro- 
scopic, chemical, and X ray diffusion 
tests showed that virtually all the zinc 
in the leach residues was present as 
sulphide and ferrite, mostly the latter. 
Effect of ferrite formation is evident in 
tests 6, 7, and 8 of Table 2; when the 
concentrate was roasted at 940°C, zinc 
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Table 1S: = Analyses of Ores, Concentrates, and Calcines 


| 
Analysis, Pct or Ounces per Ton | 
Sam- i 
- . | Oxide Zn 
ple Sample Sul | Pet of 
No. Zn Total hid. , | Total Zn 
Ss phi e| Fe Pb Cu Au A yore 
| 
i Complex concentrate 38.8 | 34.2 13.3 PALS 1.5/0 0 | 
la | Calcine, 985°C_ 46.0| 2.0) 0.7| 16.4| 2:3] 118 | 0:10] 6.0 | 
1b Calcine, 1035°C 48.4 Peta EO. 19). 2 3.0 TOMO 25|. 925-1 
le Calcine, 1000°C 50.7 1.2 | 0.1 | 16.5 2.0] 0.12.);8.0 | 80.0 
Id | Calcine, 800°C 43.8 | 5.8 14.8] 2.6] 1.7] 0:10-| 6.2 82.7 
2 | Marmatitic concentrate | 46.1 | 30.8 12.4 | 1.8] 0.6 | 0.24 | 3.5 | 
2a | Calcine, 940°C Asore 0.3 26.3 0.6 | 0.23] 2.9] 71.0 
2b Calcine, 600°C 48.9 | 4.7 | 0.3 |= gas 
2e | _ Calcine, 600°C 42.8] 8.8 | 0.2 | 85.8 
3 Goodsprings oxidized ore | 24.4 0.3 4521 1053 0.7 fire sera ‘ 
4 | Leadville oxidized ore | 25.4 | 0.1 142 |COLacieean ‘aml 
5 Willemite ore* 47.2 4.7 0.7 0.4 | : 
I a a Na A pt ee NS 2 ete ate 


* SiOe, 22.2 pet. 


Table 2... . Results of Leaching Tests 


Sample Leached SO» Extraction, Pct 
Leach Introduced S206 Formed, 
No. Gram per Lb per Ton 
No. Description Gram Zn Zn Fe | Cu Ore or Calcine 
1 la | Complex concentrate 
985° calcine 4.3 83.2 | 2.8 | 44 61 
2 1b 1035° calcine Pig | 60.4 | 0.3 1 30 
3 16 1035° calcine 4.3 82.4 | 1.2 | 34 46 
4 le 1000° calcine 4.1 80.0 | 1.0 | 33 77 
5 1d 800° calcine AT 82.8 | 1.4 | 57 42 
6 2a | Marmatitic concentrate 
940° calcine 4.4 %3.9°| 1.8 | 22 43 
7 2b 600° calcine 4.3 86.8 36 
8 2¢ 600° calcine 4.3 86.1 | 2.8 19 
9 3 | Goodsprings ore 4.7 84.8 | 3.2 | 66 21 
10 4 | Leadville ore 0.7 Bioko th One 61 
11 4 Leadville ore 1.4 49.8 | 1.7 70 
12 4 | Leadville ore Pad | 54.6 | 0.1 66 
13 4 | Leadville ore FE2e9 (Seep Pind BRC) 70 
14 4 | Leadville ore 4.3 LP Sapa we ana | TT 
15 5 | Willemite ore ETL 61.0 | 6.2 24 
— ee ee eee 


extraction was 74 pct, whereas when 
the concentrate was roasted at only 
600° to minimize ferrite formation, the 
extraction increased to more than 86 
pet. : 

Extraction of iron was very low, 
amounting to less than 3 pct in most 
of the tests. Copper extraction, which 
was erratic, apparently depends on the 
extent of leaching and on the conditions 
of roasting. No lead and less than 3 
pet of the gold or silver was extracted. 

Dithionate formation ranged from 
19 to 77 lb S,O¢ per ton of ore or cal- 
cine (0.03 to 0.10 g per gram of zinc 
extracted). This would be ample, in 
most instances, to make up for washing 
losses in the process, which, it is esti- 
mated, would not exceed 30 lb per ton 
in practice. In the manganese investi- 
gation,?? however, it was found that 
dithionate formation depends on many 
factors, including size and shape of 
leaching tank, agitation rate, leaching 
rate, and method of introducing the 
gas, so that pilot plant tests would 
probably be required to determine 
whether dithionate formation would 
be adequate in leaching zinc ores or 
calcines under plant conditions. Di- 
thionate formation was fairly constant 
in leaches 10 to 14, in which the leach- 
ing time ranged from 1 to 6 hr, indicat- 


ing that most of the dithionate was 
formed during the first hour. 

The ore and calcine samples lost a 
large part of their weight during leach- 
ing, so that the residues were substan- 
tially enriched in iron, lead, gold, and 
silver, as shown in Table 3, in which 
data for several typical tests are sum- 
marized. Compared with the original 
concentrate or ore, the increase in the 
iron, lead, gold, and silver assays was 
about threefold for the two concen- 
trates and about twofold for the 
Goodsprings ore. The large losses in 
weight on leaching were due to the fact 
that the samples leached were sus- 
pended in water rather than in calcium 
dithionate solution; if the samples had 
been suspended in calcium dithionate 
solution, the leach residues would have 
contained considerable calcium  sul- 
phate formed by reaction 2, and the 
weight losses would have been much 
less. 


Recovery of Zine from 
Solution 


Leach solutions for investigating the 
recovery of zinc oxide products were 
prepared from (A) the “‘complex’’ con- 
centrate calcined at 600°C, (B) the 
““marmatitic”’ concentrate calcined at 
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Table 3. . . Data on Leach Residues 


Leach 
0. 


Pct of Ore or 


Sample Leached a 
Calcine 


1 Complex concentrate 

Calcine la 40.2 
3 Calcine 1b 43.4 
5 Calcine ld 36.8 
8 Marmatitic concentrate 

Calcine 2c 29.9 
9 Goodsprings ore 53.6 
4 Leadville ore 61.5 


Residue Weight, 


Residue Assay, Pct or Oz per Ton 


Analysis, Pct or Grams per Liter 


Test 
Zn Fe Ca SO, | S206 | tS) L.0.1.* 
Leach Solution 
A 3.4 43.8 1.0 Zao 62.0 1.2 100.0 
B Sol 48.8 0.7 51.2 1.4 100 0 
C RAR 27.6 0.3 0.7 36.4 1.0 100.0 
CaSO, Precipitate 
| 
A 0. parle} 66.2 0.2 
B eer th | 26.0 64.5 Bere 
Cc 0.05 26.5 63.8 0. 
Pregnant Solution 
} 
A 39.8 15.0 5.9 172 99.8 
B A3.8 13.6 11.4 154 96.37 
Cc 27.0 Bxaee 9 146 99.9F 
Zinc Precipitate 
A 54.0 1b36} 2.4 5.9 21.2 99.8 
B-1 20.5 1.4 3.9 19.8 9.5 
B-2 52.6 0.8 7.9 6.8 14.8 86.8 
Cc 56.4 0.6 2.8 Bne! 16.8 99.9 
Zinc Calcine 
A 68.6 1.6 3.0 A WG 99.8 
B-2 61.6 0.9 9.3 4.7 86.8 
Cc 67.2 0.7 3.3 1.6 99.9 
Barren Solution 
A 7.4 <0.02 sf La 121 <0.1 
BL 10.5 <0.02 19.5 1.2 84.6 <0. 
Cc 9.8 <0.02 22.0 0.8 97.5 <0.1 


* Loss on ignition at 1000°C. 
+ Includes zinc in wash solutions. 


600°, and (C) the Goodsprings ore. A 
200- to 300-g sample of each material 
was leached in 1500 ml of water with 
3.5-pct SO. gas for about 12 hr, the 
residue was filtered off and the filtrate 
was treated as described below to pre- 
cipitate calcium sulphate and zinc 
hydroxide successively. Each residue 
or precipitate was washed thoroughly, 
but to avoid dilution of the various 
solutions, the wash filtrates were dis- 
carded. The SO» contents of the solu- 
tions were not determined, but the odor 
of SO, was noticeable in the leach solu- 
tions and pregnant solutions, especially 
those from test B. 


PRECIPITATION OF CALCIUM 
SULPHATE 


To precipitate_sulphate, leach solu- 
tions A and B were treated directly 
with finely divided crystals of CaS.O¢-- 
4H.0 assaying 13.3 pct Ca, 57.8 pct 
$20.5, and 0.35 pct SO, (theoretical 
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analysis: 14.7 pct Ca, 58.8 pct S.06¢) 
Before adding the dithionate crystals 
to solution C, however, the solution was 
first treated. with small additions of 
20-pct sulphuric acid solution until the 
odor of SO, could no longer be detected 
and the pH remained constant at 1.9; 
6.0 g of H.SO, was required per liter of 
the solution. The quantities of calcium 
dithionate used per liter of leach solu- 
tion were as follows: 


CaS.06-4H:2O Crystals Added 
eeems per Liter of Solution 


B 273 

e 253 
The analyses of the precipitates (dried 
at 110°C) and of the pregnant solutions 
are given in Table 4; the dried precipi- 
tates correspond closely to CaSO,- 
4 H.0, for which the theoretical anal- 
ysis is 27.8 pet Ca and 66.1 pct SOx. 


PRECIPITATION OF ZINC 


Freshly calcined lime containing 93.0 


pct available CaO was used to precipi- 
tate the zinc. The lime was slaked in 
about 10 times its weight of water, and 
the milk of lime was added dropwise 
to the vigorously agitated pregnant 
solution over a period of about 45 . 
min. Agitation was continued for sev- 
eral hours, after which the slurry was 
allowed to stand overnight, during 
which time the pH rose about two 
units. With pregnant solution B, suffi- 
cient lime was added to give a pH of - 
3.9, the resulting precipitate was 
filtered off, and the addition of lime was 
then continued as described. Theoreti- 
cally 0.84 g of CaO is required to pre- 
cipitate 1.0 g of zinc; the quantities 
actually used were as follows: 


Available CaO Used, 


PH | Grams per Gram Zn 
A 7.4 0.83 
B—First ppt. 3.9 0.10 
Final ppt. 10.5 ony 0.94 
9.8 0.92 


The precipitates were dried at 110°C, 
and portions of the final precipitates 
were calcined at 1000°C. The analyses 
of the precipitates, calcines, and barren 
solutions are summarized in Table 4. 

The results show that virtually all 
the zinc in the leach solutions can be 
recovered as a calcine assaying nearly 
70 pct Zn. No advantage appears to 
have been gained by acidifying the 
leach solution in test C. The double 
precipitation with lime in test B was 
detrimental, causing a loss of 9.5 pct 
of the zinc in the first. precipitate. The 
lower grade of the product in test B 
compared with the other tests is due 
to the presence of considerable calcium 
sulphate as a result of the relatively 
high sulphate content of the corre- 
sponding pregnant solution. The reason 
for the differences in sulphate content 
of the pregnant solutions is not clear, 
however, since the three pregnant 
solutions have nearly the same calcium 
content. It may be that the solubility 
of calcium sulphate in the solutions — 
varies with the sulphite content; preg- 
nant solution B, which had the highest 
sulphate content, was known to be 
particularly high in sulphite, whereas 
pregnant solution C, which was lowest 
in sulphate, probably had the lowest 
sulphite content as a result of the 
acidification. 


Discussion of Results 


The dithionate process for zinc is 
similar in certain respects to two 
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processes investigated by Lyon and 
Ralston. In one of these,® oxide ore or 
calcine is leached with sulphurous acid 
solution to dissolve the zinc as the 
hydrosulphite, the pulp is filtered, and 
the zinc is precipitated as the sulphite 
by either boiling the solution or adding 
zinc oxide. The precipitate is calcined 
to form zinc oxide and regenerate the 
sulphur dioxide. The reactions are as 
follows: 


[ZnO] + 280, + H.0 
= Zn(HSO3;). [6] 


Zn(HSO3)2 + heat 
= ZnSO; + SO, + H.O [7a] 
or Zn(HSO;). + ZnO 
= 2ZnSO; + H:0 [7b] 
ZnSO; = ZnO + SO, [8] 


Lyon and Ralston tested several ores 
and calcines and obtained high extrac- 
tions of zinc in solutions containing 
0.2 to 4 pct SO2. Precipitation of the 
zinc by boiling or by adding zinc oxide 
was incomplete, however, owing to the 
rapid air oxidation of zinc bisulphite to 
zinc sulphate and, in the case of cal- 
cines, to the presence of zinc sulphate 
formed in roasting. 

In another process investigated by 
Lyon and Ralston,* the zinc is ex- 
tracted by leaching with sulphuric acid 
or by roasting with sulphuric acid and 
leaching with water. The zinc is then 
recovered from the zinc sulphate solu- 
tion by a procedure similar to that in 
the dithionate process except that 
calcium chloride is used instead of 
calcium dithionate; that is, the solution 
is treated with calcium chloride to 
precipitate calcium sulphate and form 
zinc chloride solution, and the latter is 
treated with milk of lime to precipitate 
zinc hydroxide and regenerate the 
calcium chloride. Lyon and Ralston 
obtained precipitates assaying about 
50 pet Zn, and calcination of the pre- 
cipitates gave zinc oxide products 
assaying over 65 pct Zn. The main 
objection to the process, aside from the 
high acid consumption in leaching, was 
the fact that the treatment of the zinc 
- chloride solution with lime resulted in 
the precipitation of basic zinc chloride 
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rather than zinc hydroxide, so that the 
precipitates contained 6 to 10 pct 
chlorine. This would involve a loss (in 
addition to normal washing losses) of 
240 to 400 lb of chlorine per ton of zinc 
precipitated and would require 375 to 
625 lb of make-up CaCl, per ton of 
zine. Moreover, about 6 pct of the zinc 
was volatilized when the precipitates 
were calcined; this zinc would be lost 
unless expensive fume-collecting equip- 
ment were provided to recover it. 
The present preliminary investiga- 
tion of the dithionate process indicates 
that it may have promise for the 
treatment of oxidized zinc ores that 
cannot now be treated commercially 
and of off-grade complex zinc sulphide 
concentrates that can now be marketed 
with only relatively poor return for the 
values contained. Its advantages in- 
clude (1) utilization of waste SO. gas 
for leaching; (2) possibility of forming 
enough dithionate during leaching to 
make up for losses; (3) separation of 
zinc from lead, gold, and silver; (4) 
recovery of zinc from solution by~a 
simple precipitation with lime; and 
(5) production of a zinc oxide product 
assaying nearly 70 pct Zn. To deter- 
mine the commercial feasibility of the 
process, however, would require a more 
extensive investigation. Among the 
factors that should be studied are 
effect of SO. concentration in the gas 
and of type of leaching cell on zinc 
extraction, SO, utilization, and di- 
thionate formation; relative merits of 
leaching in water versus leaching in 
calcium dithionate solution; and effect 
of sulphite in the leach solution on the 
precipitation of calcium sulphate. 


Summary 


1. A new dithionate process for 
treating oxidized zinc ores or low- 
grade zinc concentrates is described. 
The ore or calcined concentrate is 
leached with dilute SO» gas, sulphate is 
precipitated by means of cyclic calcium 
dithionate, and the zinc is recovered 
from the solution by precipitation with 


milk of lime. 

2. In laboratory tests on several 
ores and calcined concentrates, 83 to 
87 pct of the zinc was extracted, to- 
gether with less than 3 pct of the iron, 
gold, or silver and none of the lead. 
Enough dithionate was formed during 
the leaching process to make up for 
losses. About 5 lb of sulphur dioxide 
was used per pound of zinc extracted. 

3. Virtually all the zinc in the leach 
solution was recovered as a precipitate 
which, after being calcined, assayed 
nearly 70 pct Zn. 
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Seminar on the Kinetics of Sintering 
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A. J. SHALER,* Member AIME 


Introduction 


The subject of the mechanism of 
sintering has received much attention 
in the past few years, particularly since 
the beginning of the series of AIME 
seminars in powder metallurgy of 
which this paper introduces the fourth. 
In the first of these, F. N. Rhines! 
brought together and discussed the 
available experimental data on the 
sintering of pure metallic powder, and 
succeeded in bringing to a sharp focus 
the attention of workers in this field 
on the established observations which a 
satisfactory theory must explain. 

Several other authors?:*:* have, in the 
last few years, studied the phenomena 
that occur when cold metallic powders, 
loose or in the form of compacts, are 
first brought to elevated temperatures. 
Some workers’ in the field of friction 
have recently studied the adhesion of 
solid metal surfaces when they are 
brought into close contact. These re- 
searches have indicated that several 
separate mechanisms operate simul- 
taneously, at least during the first part 
of the sintering process. Some of them 
have been called transient mecha- 
nisms* because they are in general not 
absolutely necessary to sintering. Pow- 
ders may be so prepared and so treated 
that these transient phenomena do not 
take place during subsequent sintering. 
This does not mean, of course, that 
their industrial and scientific impor- 
tance is any less than that of the 
steady-state phenomena. The latter are 

changes that go on during sintering no 
- matter how the powders are made or 
treated; they cannot be divorced from 
sintering. 

One way to analyze the process of 
sintering into its component parts is 
perhaps to distinguish between these 

‘ 
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transient and steady-state phenomena. 
Some of the transient phenomena have 
been studied in the past few years. 
Hiittig? has shown that, when the tem- 
perature of metallic powder is slowly 
raised, the following events generally 
occur in order: (1) physically adsorbed 
gases are desorbed; (2) there is an 
atomic rearrangement of the surface, 
a sort of two-dimensional “‘surface- 
recrystallization’’; (3) there is a break- 
down of chemically adsorbed surface 
compounds; (4) there is a recrystalliza- 
tion in the volume of the metal. All 
these changes are shown by Hiittig and 
his coworkers to be completed fairly 
rapidly at lower temperatures than 
those generally used in sintering and 
are therefore not a part of the mecha- 
nism whereby the density of a mass of 
powder continues to change after long 
heating at an elevated temperature. 
But the first and third of these changes 
release gases in quantities which may 
or may not help to control the steady- 
state mechanisms, depending on when 
the voids become isolated from the out- 
side of the compact. 

Among the phenomena studied by 
Steinberg and Wulff,’ there is the effect 
on sintering of residual stresses arising 
from the pressing operation. They 
found that the lateral surfaces of a 
green compact of iron. are under a 
longitudinal residual tension-stress of 
the order of magnitude of half the 
yield-point for solid iron. If the outside 
surface is in tension, the core must be 
under longitudinal compression. When 
the compact is heated, the surface 
residual stress is thermally relieved 
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first, and the compact therefore ini- 
tially expands in the direction of its 
axis. This is a transient phenomenon, 
if for no other reason than the possi- 
bility of sintering unpressed powders, 
as demonstrated by Delisle,® Libsch, 
Volterra and Wulff!® and others.* 

The subject of recrystallization is 
dealt with further in a separate section, 
in view of its prominent place in 
sintering literature. It, too, is one of 
these transient phenomena. 

Among the steady-state parts there 
may be distinguished the attraction be- 
tween particles and its consequences, 
the spheroidization of voids in the 
compacts, and the densification or 
swelling of the compact. 

There is considerable evidence!” 
showing that cold metallic surfaces, 
when brought to within a few inter- 
atomic distances of one another, -are 
attracted to each other by forces of the 
order of many thousands of pounds per 
square inch. A calculation, discussed in 
greater detail in another section, shows 
that this force changes but slightly 
when the temperature of the surfaces 
approaches the melting point. Actual 
measurements of forces of adhesion of 
this magnitude have been made by 
Bradley? on some nonmetals, but none 
has yet. been made on cold or hot 
metals. This force is of sufficient mag- 
nitude to cause some plastic deforma- 
tion in powder compacts,-as will be 
shown below. 

A second force of steady-state na- 
ture is due to the surface tension, which 
probably has the same origin as the 
force of attraction between surfaces. !64 
A paper by Udin, Shaler, and Wulff? 
gives the results of ES direct 


copper. The demonstratio fot this tend- 
ency for the surface tension to shrink a 
pore was long ago given by Gibbs.!7 He 
showed that its effect on a curved sur- 
face between two phases is equivalent 
to a pressure perpendicular to that 
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TIME IN HOURS AT 930°C ——> te) 


FIG 1—The progress of densification of a loose mass of 
copper powder (atomized #4915 MD63A, 5 pct 80 mesh, 
10 pct under 150 mesh) in terms of per cent of the theoretical 


maximum, 


surface and equal to twice the surface 
tension divided by the radius of the 
curvature. If the pressure of a gas 
within a pore is considered positive, 
then the pressure equivalent to the sur- 
face tension is a negative pressure di- 
rectly opposed to it. Its magnitude 
depends on the size of the void. The 
interplay of this pressure and the pres- 
sure of the gases trapped within iso- 
lated voids has been described'*.** 
elsewhere. 

An attempt will be made in this 
paper to show that the ordinary modes 
of plastic deformation (slip and creep) 
contribute appreciably only in the 
first-stage of sintering to the change of 
density of a compact, and also that 
surface diffusion and evaporation can- 
not make major contributions to the 
process of densification (or swelling) in 
most metals. Another mode of flow 
must be demonstrated to exist in order 
to account for the changes in density of 
a compact during later stages of sinter- 
ing. The nature of this flow is at 
present one of the major incompletely 
solved problems in the theory of 
sintering. This meeting will probably 
have heard, before its close, more than 
one version of how surface tension and 
gas-pressure-differences can cause den- 
sification or expansion of compacts. 
After a brief discussion of recrystalliza- 
tion and of the contribution to sintering 


of surface-diffusion and evaporation, 


the steady-state processes will be 
analyzed in more detail. 


Reerystallization 


The term “recrystallization” has 
been used in two different senses. In the 
first, it has been applied to the re- 
organization of the lattice following its 
distortion by cold deformation; it pro- 
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ceeds by the diffusion of individual 
atoms from the distorted lattice to a 
nucleus; the nucleus, if it is big enough, 
grows into a new crystal having 
(despite its more perfect geometry) a 
lower free energy. In the second, 
broader, sense of the term, recrystalli- 
zation means any change in crystalline 
shape brought about by a movement of 
individual atoms. If sintering takes 
place by a diffusion of atoms and not 
by slipping or twinning of blocks of 
atoms, then it is certainly a recrystalli- 
zation in this second sense; but the 
term is then no more specific than 
‘“sintering’’ itself, and its use gives no 
more insight into the nature of the 
phenomena. 

_ Balshin!* has advanced the hypothe- 
sis that recrystallization, presumably in 
the first, more restricted sense, begins 
at the points of contact between par- 
ticles, where the greatest degree of cold 
deformation has been introduced dur- 
ing pressing, and that densification of 
the compact is a corollary of this 
recrystallization. But masses of powder 
need not be compressed in order to be- 
come more dense during heating. For 
illustration, Fig 1 shows the progress of 
densification of a mass of initially loose 
annealed copper powder (atomized, 
No. 4915 MD83A, Metals Disintegrat- 
ing Co.) when it is heated in vacuo in a 
graphite container. According to this 
result, shrinkage does not require 
previous cold-working, and therefore 
requires no recrystallization. The con- 
verse, that recrystallization, in this 
sense of the word, does not result in 
shrinkage, can also be demonstrated. 
Smithells° reports that a cold-worked 
tungsten wire, coiled into an extremely 
fine coil, is recrystallized on heating in 
such a way that it becomes a single 
crystal whose orientation is inde- 
pendent of the direction of the axis of 


Vacuum +0.5mm_.Hz 


———— 34— la2tm. Nitrogen —» 


A—T2 hours at 100°C in Nitrogen and Argon. 

B_ 24 fours at (000°C im Argon, then 54 Rours at 1000°C in 
vacuo, then 48 Rours at (000°C in Nitrogen 

C—48 fours at |000°C in Nitrogen. 


Time in Hours at 930°C 
4 6 8 


FIG 2—The progress of densification of compacts originally 
_ sintered in argon or nitrogen at one atmosphere, then subjected 
to heating variously in vacuo and in nitrogen. 


the wire, as if the coil had been ma- 
chined out of a single crystal in the 
first place. No change in shape or size 
occurs during this recrystallization. In 
the same way, it is not to be expected 
that a composite of particles in contact 
with one another should change in 
shape or size even if the entire mass 
becomes recrystallized into a single, 
porous, crystal. 

To demonstrate further that recrys- 
tallization following cold-work cannot 
be responsible for changes in the den- 
sity of compacts, loose masses of pow- 
der were heated in argon or nitrogen at 
one atmosphere (14.7 psi) until their 
final stable equilibrium-density was 
reached (this equilibrium is described 
below). They were then heated in 
vacuo, wherein a different relation 
existed between the driving forces of 
surface tension and differential gas- 
pressure; they were observed to expand 
to a new equilibrium-density, which 
thereafter remained relatively stable in 
spite of further heating in vacuo. These 
compacts, as detailed in Fig 2, were 
then reheated again in nitrogen at one 
atmosphere until they regained their 
first equilibrium-density. It is highly 
improbable that these changes of ex- 
ternal stress of 14.7 psi could induce 
enough deformation to initiate new re- 
crystallizations. These experiments sup- 
port the conclusion of Rhines! that 
recrystallization, in this sense, pro- 
ceeds no differently in powder-com- 
pacts than in more massive metals, and 
have nothing to do with the changes in 
density of these compacts during 
sintering. 

Such simple experiments further 
show that the reactions between ‘the 
gases within the pores and the metal 
surrounding them have at most an in- 
fluence on sintering which is inde- 
pendent of the main mechanism 
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1000°C, then 54 hr in vacuo at 1025°C. 


Deeply etched and repolished several times. Density 97 pct of theoretical. Note tendency of pores to 
become spherical. Note also recrystallized ‘‘bridges’’ between some particles. 


whereby compacts become more or less 
dense. A change in the pressure of gas 
outside the compact can in no way 
influence the equilibria of reactions at 
the surface of pores sealed from the 
outside, provided the temperature is 
not changed. The phenomena of re- 
crystallization and of desorption or 
adsorption of gases are therefore of 
transient influence on sintering, and 
their effect is not in evidence after the 
first heating-up period, during which 
they govern the amount of gas that will 
be trapped within the pores. After that 
period, the nature of the sintering 
process must be sought in other 
phenomena. 


Surface Diffusion and 
Evaporation 


Pines! and more recently Ivensen”? 
have stated that surface diffusion and 
the process of evaporation from one 
place and condensation at another 
cannot change the density of a com- 
pact. This thesis has been further 
supported by Shaler and Wulff!* by the 
following argument. In a mass of 
powder particles, imaginary continu- 
ous lines may be drawn, passing 
through the centers of the particles and 
through the centers of the metallic 
““bridges”” where they make contact 
with one another. These lines may be 
drawn in such a way that they never 
emerge from the surface of the metal 
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into the voids between the particles. 
The aggregate of these lines forms a 
skeleton. No process can be imagined 
whereby this skeleton is changed in 
shape or size unless there is flow within 
the particles themselves, or across the 
solid metallic “bridges.” If recrystalli- 
zation has permitted the lattices of the 
particles to be continuous through 
these “‘bridges,’”” as countless micro- 
graphs, including that of Fig 3, have 
shown to be the fact in sintering, then 
these bridges are made of metal which 
is in general no different from the metal 
in the particles themselves. A change in 
size or shape of the skeleton—and 
hence of the compact as a whole—must 
involve flow in the volume of the 
metal. No redistribution of metal tak- 
ing place at the surface of the voids 
between particles can cause any change 
in the skeleton, which never touches 
that surface. 

If all the voids are connected by 
channels to the outside of the compact, 
of course, metal from the outside 
layers can proceed via the gas-phase or 
by surface-diffusion towards the in- 
terior. But this movement ceases as 
soon as the voids become isolated from 
the outside. There is other evidence to 
show that such a transient process can 
have little influence on the course of 
sintering—for instance, markings on 
the surface of compacts do not dis- 
appear during sintering. 

On the other hand, surface-diffusion 
and’ vapor-phase transport do have a 


function in sintering, but it is not that 
of changing the density. An aggregate 
of powder differs from a solid piece of 
metal chiefly in that it has a great deal 
more surface per unit of mass. Hiittig* 
and the author‘ show that metal pow- 
der made of micron-size particles has so 
much surface that its free-energy is of 
the order of 1000 cal per mol greater 
than that of solid metal. The mass of 
powder can reach an intermediate state 
of lower free-energy if the voids be- 
tween the particles become spherical. 
Such a spheroidization of the pores has 
been observed, as pointed out by 
Rhines.! It can proceed by surface- 
diffusion or by evaporation and recon- 
densation, for it involves only a 
redistribution of the metal at the sur- 
faces of the voids. It can also proceed 
by a flow of the metal particles and 
bridges. A calculation‘ has shown that, 
in nearly spherical pores (of radius 
1004) inside a copper compact at 
850°C, the flow process is more rapid 
than the evaporation process and 
probably also than the surface-diffu- 
sion process. At the beginning of sinter- 
ing, however, when the contact areas 
between the particles are small and the 
voids have sharper corners, the reverse 
may be true. 

In brief, then, surface-diffusion and 
vapor-phase transport have a function 
in sintering, in ‘that they assist the 
flow process in leading to a spheroidiza- 
tion of the pores. But these mechanisms 
cannot effect a change in the density of 
the compact, a change which requires 
a flow of the metal within the particles - 
themselves. 


The First Phase of 
Sintering 


During the first phase, in the sinter- 
ing of loose powder masses, the par- 
ticles preserve to a great extent their 
original shape, and the voids are inter- 
connected. In the second phase, which 
may best be studied separately, the 
pores are disconnected entities, and 
the compact may be considered a 
porous, but continuous, medium. Sauer- 
wald?® has shown that the mecha- 
nisms in sintering loosely pressed 
compacts resemble those found in 
sintering loose powder, whereas heavily 
compressed compacts already contain 
disconnected pores in the green state. 

If the pores are all joined together 
and have passage to the outside, there 
is evidently no difference in gas pres- 
sure between the pores and the atmos- 
phere, so that no force is to be expected 
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FIG 4—Two spheres, partly coalesced, separated by a 
minimum distance 5, and subject to attraction across cylindrical 
elements of length r and of thickness dy. 


from this source. The surface tension 
exists, but it is perhaps more con- 
venient to treat it in this phase as the 
force of attraction between particles. 
It has been shown‘? that this proce- 
dure is justified, since the two forces 
stem from the same origin. 

The force of attraction has been 
calculated‘ on the following basis: ac- 


* cording to the Sommerfeld?! model of a 


metal, it is made up of positive ions of 
infinitesimal size, regularly distributed 
at the intersections of a geometric lat- 
tice; around the ions there is a cloud of 
fast-moving electrons. The electron 
density varies, but it is assumed to be 
uniform as a first approximation. The 
surface of the metal may be defined as 
the last layer of ions. The electron 
cloud does not stop abruptly, however, 
although its density falls off rapidly 
outside this layer. The presence of 
another surface nearby causes the 
density of the cloud to increase con- 
siderably, beyond the surface, and to 
fall off more gradually. If the surfaces 
come to within several interatomic dis- 
tances of one another, there is an 
appreciable number of electrons moy- 
ing about throughout the space be- 
tween them. Each of these electrons is 


_attracted to both the opposing surfaces, 


\ 


so that in effect the two surfaces are 
attracted to one another because they 
are both attracted to the electrons be- 
tween them. The calculation of this 
force of attraction has yielded, as a 


_ first approximation, the following re- 


sults: two copper surfaces, 30 A apart, 
attract each other with a force of 
approximately 120,000 psi; this force 
drops to about 55,000 psi if the separa- 
tion increases to 60 A, and to about 
30,000 psi when the distance is 120 A. 
A rise in the temperature from 20 to 


700°C. decreases these values by only 


about 15 pct. Cleanliness of the surface 
is not a serious factor unless thick 
layers of compounds are formed. The 
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FIG 5—Plot of the compressive stress on the contact area, 
and of the angle subtended by the radius of that area at the 
sphere centers, for various degrees of coalescence of copper 

' spheres of radius 0.01 cm. 


electronic work-function of copper, 
which depends on cleanliness, can vary 
from 1 to 5 electron volts without 
changing the force of attraction more 
than 10 pet. The calculation cannot be 
extrapolated to distances less than 
about 15 A, because when the surfaces 
come that close together, the ions begin 
to repel one another, and the attraction 
falls off again. The expression is also 
not valid at great distances, where the 
presence of foreign ions and atoms in- 
terferes with electron movement. An 
approximate expression can be made to 


fit the data given above, and the un- 


wieldly equations from which they were 
calculated are not necessary for prac- 
tical use. If the distance r separating 
the surfaces, or elements of surface, is 
given in inches, then the force in 
pounds per square inch between them is 
given, within 10 to 15 pct, by the 
formula 


fir) = 14 x 10-22 


With this as a quantitative basis, the 
force of attraction between two coales- 
cing spherical particles may be calcu- 
lated. Fig 4 shows such a system. The 
distance 6 between them is a region 
where, as a first approximation, the 
metal may be considered solid: in this 
disc-like region the force of attraction 


becomes balanced by the ionic force of 
repulsion. Outside this disc, the sur- 
faces gradually fall away from one 
another, and are under the influence 
of the force of attraction. The force 
pulling together the ends of the cylin- 
drical element of thickness dy and 
height r at a radius y from the center- 
line is then 


2my f(r) dy 
Integrating from y = d toy = R, and 
remembering that 6 is much smaller 
than R, an expression is found for the 
total force acting in such a way as to 
pull the spheres together and compress 
the disc between them. This expres- 
sion is 
F =44 X 10-2 >/R? — @? 
2 
in (2 Va) 


Since the area of the disc is rd?, the . 
compressive stress acting on it is 
o = F'/rd?. The spheres are assumed to 
remain spherical and to preserve their 
radius, a good approximation for small 
values of d. Fig 5 shows the values of 
this stress as a function of the radius d 
of the disc, that is, of the degree of 
coalescence of the two spheres, for 
copper spheres 0.01 cm in radius (200 
in diam). At first contact, when d is 


Metals Transactions, Vol, 185 .. . 799° 


9s 


Time - Hours — 


FIG 6—The growth of the area of contact of copper spheres, 
0.01 cm in radius, with time at various temperatures. The ordi- 
nate is the square of the angle subtended at the sphere centers 
by the radius of the constant circle. Stresses corresponding to 
these angles, from the previous figure, are shown at the right. 


small, the stress of compression on the 
contact area is very large, and unless 
there is interference from oxide films 
or layers an immediate cold-welding 
occurs, as it does in the friction experi- 
ments? mentioned earlier, and in 
those of Bradley on some nonmetallic 
spheres.!? Plastic deformation under 
this stress leads to an increase in the 
area of contact, and the compressive 
stress on that area falls off until it 
becomes less than the least stress 
necessary to cause plastic flow. But at 
elevated temperatures, which do not 
appreciably decrease the force in- 
volved, the metal is still able to creep 
conventionally at these lower stresses. 
The time factor now enters into the 
picture, as it does in creep. Soon the 
compressive stress has fallen to'a value 
lower than the stress-limit for creep, 
and the first stage of sintering is at an 
end. By this time, the pores are dis- 
connected, and a new type of flow be- 
comes predominant. 

Experiments on the coalescence of 
spheres have been carried out by the 
author with the assistance of H. 
Bernhardt. Copper spheres were se- 
lected from a commercial grade of 
atomized powder (described below) by 
first sieving for the —70 +100 mesh 
fraction, then sorting out the particles 
by rolling them down a narrow ground- 
glass plate 4 ft long, and inclined at 
about 4°. The few particles that rolled 
down the whole length of the plate 
were selected for the experiments. 
These particles were packed in carbon- 
black and heated for 5 hr at 750°C in an 
atmosphere of dry deoxidized hydrogen 
at 0.5 mm pressure. After slowly cool- 
ing them to room-temperature, the 
spheres were separated from the car- 
bon-black in an air-classifier. Several 
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FIG 7—Plot of stress vs. strain-rate for copper wires 0.005 and 
0.003 in. diam at various temperatures. 


Data from Udin, Shaler and Wulff. 


particles were then placed in contact 
with each other in a deep groove in a 
graphite block. After heating for vari- 
ous periods of time at various tem- 
peratures in an atmosphere of dry 
deoxidized hydrogen, the strings of 
spheres were observed in a microscope 
equipped with a micrometer eyepiece. 
The diameters of the areas of contact 
and the distances between the centers 
of the spheres were measured. The 
angles 9 subtended at the center of the 
spheres by half the radii of the contact 
areas were plotted against the time at 
various temperatures. There was some 
scatter due to the fact that many of the 
particles were not sound throughout, 
and that their surfaces, after deoxida- 
tion, were not perfectly spherical. The 
mean deviations from the mean values 
of 6 were of the order of 10 pct. Each 
point in Fig 6 is the mean of from 5 to 
24 spheres, plotted on coordinates of 
6? and time ¢. According to Frenkel’s 
analysis,”* if the coalescence of spheres 
takes place by a purely viscous flow, the 
points on such a plot should lie on a 
straight line passing through the origin, 
since 9? is then directly proportional to 
the time G = ote where r is the 
sphere radius, 7 is the surface tension, 
and 7 is the viscosity coefficient). In 
these experiments the curves are 
straight only at larger values of the time, 
and no straight line, however fitted to 
the points, passes through the origin. 
Rather, the slope of the line initially 
decreases rapidly with time at heat, 
showing that the coalescence starts 
with a rapid mode of flow (first stage of 
sintering by creep or even normal slip) 
and gradually becomes slower until a 


viscous flow becomes dominant (the 
line straightens out). Experiments? re- 
ported recently by Jordan and Duwez 
agree with this view. Others® may not. 

In Fig 6, the stresses corresponding 
to the various values of 0? are given on 
the right-hand scale. These have been 
taken from Fig 5 (sin 6 = d/R). Note 
that the linear portion of the curves, 
representing the second stage of flow, 
begins at approximately 5000 psi at 
800°C, but that non-linearily continues 
at 950°C until the stress has fallen as 
low as a few hundred pounds per 
square inch. Flow in the first stage is 
thus a process which appears to begin 
at a critical stress-limit, decreasing as 
the temperature rises, as in conven- 
tional creep. The type of flow required 
in second-stage sintering cannot have a 
critical stress-limit, for flow must occur 
under infinitesimal stress, at a corre- 
spondingly small rate, in order to ac- 
count for experimental results. 

Until more is known about the creep 
of copper at high temperatures under 
stresses of the order of hundreds of 
pounds per square inch, it is not possi- 
ble to predict the rate of this first stage 
of sintering, when the particles coalesce 
and the voids between them become 
disconnected. In highly compressed 
compacts and in the later stages of 
sintering of loose or lightly compressed 
powders, the first stage is by-passed or 
ended, and the mechanism of sintering 
involves the slower, viscous, flow de- 
scribed below. 

The first stage of sintering is further 
complicated by all the transient ef- 
fects described in previous sections, 
some of which may tend to expand the 
compacts, some others to shrink it. 
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FIG 8—Artificial pore in a short length of copper wire. 3 


Flow in the Second Phase 
of Sintering 


In the second stage, the pores are in 
general disconnected, and any change 
in density of the compact involves a 
change in pore-volume and therefore 
in the pressure of the gas trapped 
within the pores. The force of shrink- 
age, previously manifested as the at- 
traction between surfaces, can now be 
more conveniently considered as the 
surface tension. 

Surface tensions and pressures of 
gas such as are encountered in powder 
metallurgy can form high stresses at 
the surface of very small pores— 
stresses great enough to induce plastic 
flow by the well-known modes of slip, 
twinning or creep. But it was shown 
that there can be no density-changes 
in compacts unless flow takes place 


inside the particles away from the sur- 


face of the pores. Here the effects of the 
surface tension and of the gas pressure 
are diluted because they act over a 
larger area. In the compacts described 
below, in which marked densification 
takes place, the pores have an approxi- 
mate radius of 100 microns. At a dis- 
tance of only 10 microns away from the 
surface, the stress induced by the 
surface tension is less than 3 psi. In 
the hollow tubes, whose densification 
is also described below, the radius of 
the hole is of the order of 2500 microns 
(0.01 in.), and the stress, even at the 
surface, is less than 1 psi. 

» The mechanism of flow at these low 
stresses has not been extensively in- 
vestigated. Chalmers”? has observed 
the flow of tin at small stresses, and 
found a viscous flow at room tempera- 
ture. Udin, Shaler, and Wulff!? meas- 
ured the rate of flow of copper at 
elevated temperatures, under stresses 
of up to 6 psi on wires 0.005 and 0.003 
in. in diam. Fig 7 reproduces their data 
in terms of stress and _ strain-rate. 


~ These results are consistent with a 


viscosity, independent of stress, ex- 
pressed by the relations 


66490 + 1000 
RT 
for 5 mil wire, and 


n = 5.94e 
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FIG 9—The relative change in radius of cylindrical ‘pores’ in copper, compared with curv 
calculated from viscosities of copper wires. 


93756 + 1000 


= 3 
n = 1.32 X 10%e RT 


for 3 mil wire. 
Kanter?’ and Frenkel? predict on 
theoretical grounds that the phe- 
nomenon of self-diffusion should lead 
to a viscous flow whose heat of activa- 
tion is the same as that for self-diffu- 
sion (57,000-61,000 cal per mol for 
copper). The viscosities given above 
have a heat of activation near that 
range (66,000 and 54,000 cal per mol). 
Ké4 has observed a room-temperature 
grain-boundary flow having the heat of 
activation for self-diffusion, in both 
iron and alpha brass. Little can be said 
with certainty about flow at these 
stresses save that it is of a viscous 
nature. Newtonian viscous flow is 
characterized by the fact that the 
stress vs. strain-rate curve is linear and 
passes through the origin. The flow is 
further complicated by the fact that 
there is evidently a dependence of vis- 
cosity on size. Possibly the self-diffu- 
sion coefficient also varies with size. 
To show whether a viscous flow of 
this nature could be responsible for the 
shrinking of closed pores in sintering, a 
direct measurement was made. Since 
the artificial creation of a spherical 
hole of very small size in a piece of 
metal entails mechanical difficulties, a 
cylindrical hole was used. Such holes 
were drilled (diameters ca. 0.02 mm) 
lengthwise in three short lengths of 
copper wire. The drilled tubes were 
then heated overnight at 1000°C in dry 
deoxidized hydrogen at 0.5 mm pres- 
sure, and furnace-cooled. The outside 
diameter of the tubes was 1 in., and 
their length 14 in. The ends of the 
holes were tapered to a depth of 36,4 in., 
and tapered plugs were made to fit. 
One end of each was firmly closed by 


pressing-in the plugs. In the other ends, 
the plugs were left loose, so that, during 
heating in vacuo, the holes would be 
evacuated before becoming sealed. A 
sketch of such a tube is shown in Fig 8. 
Being closed, as shown in a previous 
section, it cannot shrink by surface- 
diffusion or by evaporation, although 
by these processes the radius of the 
hole may expand at the expense of the 
length (spheroidization), but the radius 
and length of the hole may both de- 
crease by flow under the action of sur- 
face tension. To heat the tubes, they 
were placed vertically into wells 
drilled in a graphite block, loosely- 
plugged ends uppermost. An undrilled 
14 in. length of the same wire, similarly 
annealed and mounted, was used as a 
control. The heating chamber in which 
heating was carried out was a long 
quartz tube, sealed at one end, and 
fitted at the other with a waxed-in 
rubber stopper. Two glass tubes, fitted 
into the stopper, led respectively to a 
mechanical vacuum pump and gauge 
and to a source of hydrogen. The 
quartz tube could be evacuated and 
then inserted into a chromel-wound 
furnace. In this way, high-temperature 
seals were avoided, and heating and 
cooling-times would be cut to a mini- 
mum. The same furnace technique was 
used in the experiments on the coales- 
cence of spheres and on the sintering of 
compacts, described elsewhere in this 
paper. The source of hydrogen was a 
commercial cylinder, from which the 
pressure was reduced by a conventional 
reducing valve to about 15 psi. The gas 
went to a purification train consist- 
ing of four tubes containing respec- 
tively heated copper gauze, indicating 
Drierite, palladium-alundum, and ac- 
tivated alumina. From this train, the 
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hydrogen passed through a constric- 
tion-flowmeter, and then through a 4 ft 
length of 1.2 mm capillary tubing be- 
fore entering the quartz furnace-cham- 
ber. The capillary furnished a pressure 
differential such that atmospheric pres- 
sure could be maintained in the reduc- 
ing train and flowmeter, whereas a 
vacuum of 0.5 mm could be easily 
obtained in the furnace-chamber. 

The small copper tubes were first 
subjected to a series of three 2-hr heats 
at 930°C, and thereafter, since density 
measurements showed the metal had 
nearly reached stability under these 
conditions, to a series of 24-hr heats at 
1000°C. After each heat the tubes were 
radiographed; their external dimen- 
sions were measured with a micrometer 
caliper, and their density was deter- 
mined to four significant figures pyc- 
nometrically. The dimensions of the 
holes were found from the density 
determinations, and were checked 
by measuring the radiographs on a 
film-reader. 

The function of the hydrogen leak at 
0.5 mm pressure was to insure the re- 
duction of any oxygen leakage and also 
to reduce all oxide in the metal, without 
introducing into the “‘pore’’ enough 
gas to provide appreciable pressure 
until the shrinkage had become con- 
siderable. Fig 9 shows the relative 
radius of the cylindrical ‘‘pores” 
plotted against time-at-heat. Also 
plotted are the slopes of the calculated 
curves to be expected if the mechanism 
of flow is the same as that found in 
wires by Udin, Shaler, and Wulff. 
These two curves are plotted for the 
viscosities observed on 0.005 and 0.003 
in. wires at 1000°C. It is expected that 
the size-effect on the value of viscosity 
should disappear rapidly at larger 
sizes. In the tubes, the wall thickness 
is about 0.050 in., so that the slope 
should be somewhat greater than that 
given for 0.005 in. wires. The calcula- 
tion of these curves was done as 
follows (see Fig 9): The incompressi- 
bility of the metal requires that the 
same weight enter into and flow out of 
a cylindrical shell of thickness dA at 
radius A from the pore centerline. The 
outermost and innermost shells yield 
the equations 

dA R.dR, R,dR, 


The strain-rate at any radius A, in 
terms of the rate of decrease of Ra», is 


ded (dA) _ 1 p,dl 
UP AIRY ee Carat 
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Since the stress-strain relation for vis- 
cous flow is 


de 
T= 1G 


the heat dissipated by flow per unit 
volume per unit time, at radius A, is 
then, after Frenkel?® 


de 
dt 


= 2n(za lr) 


In a length / of the tube 


dEp = 2ce = 27 


Rif d (dA\\?2 
Ey —— 2n Ro (4 (& ) 2rAldA 
= omni? (“2)" (a5 - Fs 


The loss in surface energy per unit 
time, due to the reduction of both 
inside and outside surfaces, is, if y is 
the surface tension, 


E, = — © (mly(Rs + R:)) 


dR, 


= —2rly G = x) ar 


Equating Er to E., and simplifying, 


s es Ve 
G-% dR, = sage 


Using the incompressibility condition, 
and integrating from the initial radii 
Ryo and Roo, there results 


(Roy — Ra) — (Rio — Ba) = 7 


from which the curves of Fig 9 are 
drawn, using the values of y and 7 at 
1000° from Udin, Shaler and Wulff.?8 

It is clear from these curves that the 
hollow cylinders do shrink under the 
influence of surface tension and it is 
probable that the size effect is real, and 
must be taken into account in sintering 
theory; the particle-size as well as the 
pore-size is a variable affecting the 
sintering rate of a compact. 


Rate of Sintering in Second 
Stage 


The same calculation as that made 
for a cylindrical pore has been made 
for a spherical pore by Frenkel.?°In a 
vacuum, according to him, the energy 
dissipated in viscous flow becomes, if R 
is the pore radius at any time, 


* The right-hand member should be 5 no} (see 


Discussion by Eshelby) and Fig 9 has been 
redrawn with the correct value. 
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FIG 10—Change in average pore-radius 
during sintering of unpressed copper powder 


at 850°C. 
After Shaler and Wulff.* 


FIG 11—The change of radius of pores 
during various conditions of sintering in 


noble gas. 


The top and bottom curves eventually level 
out also. After Shaler and Wulff. 


FIG 12—The changes in the radii of pores 
of various initial radii, under conditions of 
vacuum sintering of compacts in which noble 
gas is trapped at an initial pressure of one 


atmosphere, 
After Shaler and Wulff. 
EE. = 327rnR es 2 
Soames (hah 


where p is now the density of the 
porous metal surrounding the spherical 
void. Since the compact is usually very 
large compared to the void, its ex- 
ternal radius is neglected. The density 
p varies with time during shrinkage of 
the compact, and therefore the rate of 
sintering must be measured by a 
parameter which combines both the 
time and the changing density. One 
such parameter, which greatly simpli- 
fies the calculations, is 


3 t 
Fae fy oat 


_*Fig 10, 11 and 12 are reproduced from 
Fig 2, 3 and 4 of ‘Mechanism of Sintering” by 
A. J. Shaler and John Wulff. Ind. and Eng. 
Chemistry, May 1948. Reprinting is by permis- 
sion of the copyright owner, the American Chem- 
ical Society. 
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Here the density p is introduced as a 
fraction of the density of solid metal. 
Equating Ey to the loss in surface 
energy E., as before, leads in the case 
of a spherical pore to 


By 2 
where Rp is the initial pore radius. 

Unpressed masses of powder par- 

ticles, closely sized by sieving, were 
heated in vacuo at 850°C. The initial 
radius of the pores, Ro, was calculated 
by assuming that the number of pores 
was equal to the number of particles. 
This assumption is valid in the case of 
a regular geometrical packing of the 
particles. Since the density of the loose 
mass was 0.51 of that of copper, and a 
‘simple cubic array would have a den- 
sity of 0.52, this condition was judged 
to be fairly well obeyed. The effective 
radius of the pores was consequently 
found from the volume of voids divided 
by the number of particles. Since the 
average radius of the particles was 
0.011 cm, that of the pores was 0.0108 
em. The validity of assuming that the 
voids are spherical is discussed in detail 
by Shaler‘ and by Shaler and Wulff,!8 
and found to be satisfactory for voids 
which are not needlelike or flake-like. 
From Fig 6 it is observed that the end 
of the first phase of sintering is reached 
at 850°C when the contact-area radius 
is less than {9 the radius of the par- 
ticle. The densification corresponding 
to this point is very slight, so that in 
studying the progress of sintering of 
such copper compacts at this tempera- 
ture, the first phase may be neglected. 
At higher temperatures it would have 
to be taken into account. After heating 
‘these compacts for various periods of 
time, their densities were measured, 
and the time and density values were 
combined to give values of the param- 
eter F. When these were plotted on 
logarithmic paper against the changing 
radii of the pores, also found from the 
density, the points of Fig 10 resulted. 
The calculated curve in the figure 
corresponds to a coefficient of viscosity 
with a heat of activation near 66,000 
cal per mol.‘!8 The viscosities obtained 
in Udin, Shaler and Wulff!’ have heats 
of activation of 66,490 cal per mol for 
0.005 in. wire, and 53,756 cal per mol 
for 0.003 in. wire. The diameter of the 
particles used in the compacts was 
0.008 in. 

So far no account has been taken of 
the pressure of gas trapped within the 
pores. Three kinds of gas may be pres- 
ent: those which dissolve in the metal 
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or form a compound with it; those 
which diffuse through the metal at an 
appreciable rate; and those which 
neither diffuse, dissolve, nor react. The 
first kind have a pressure P, dictated 
only by the temperature; when the pore 
shrinks, the gas is not compressed, but 
instead more of it goes into solution or 
reacts; the pressure does not change, 
and is constantly opposed to the stress 
introduced by the surface tension. 
Accordingly, if there is a pressure Po 
outside the compact, the pore shrinkage 
obeys the expression 


las 
G7 §q Po — PIR = 21 9 


Solving for F leads to4 


_ 2:3 ),, (Po — PR = 2 
= ep 8 (By P iy — 27 


If P. is larger than Po, it is observed 
that pores initially of large size do not 
shrink, but expand on heating; that 
is, the compact swells. In copper, 
where y is of the order of 1400 dynes 
per cm, pores larger than 5 X 10-3 
cm in radius swell if P, — Py is one 
atmosphere. 

Gases of the second kind are more 
troublesome. The pressur: of such 
gases depends on two factors: how fast 
the pore is shrinking; and how far in- 
side the compact the pore is situated. 
No simple expression for the rate of 
sintering can be found except for par- 
ticular cases. For instance, in the case 
of a very rapidly diffusing gas, the 
pressure stays generally low and may 
be neglected. 

The third kind, the noble gases, are 
of more general interest, because all 
compacts pressed in air contain oxygen 
and nitrogen. The oxygen is generally 
removed during the first stage of 
sintering, either by the reducing at- 
mosphere of the furnace, or in the form 
of compounds having a low equilibrium 
pressure. The nitrogen remaining be- 
hind is noble to many engineering 
metals. The expression for the param- 
eter F is, in the case of a noble gas, 


phe, dR 
= JRo Poko 
Sp — 27 — Po'R 


The labor of solving this equation is 
great, and it has been performed‘ for 
one particular case only; namely, for 
pores 0.01 cm in radius, containing a 
noble gas initially at one atmosphere, 
the compact being sintered in a noble 
gas also at one atmosphere. Fig 11 
compares the progress of sintering 
under these conditions with the prog- 


ress in the case of vacuum sintering of 
compacts with and without any trapped 
gas. The limiting case where Po’ = O 
is easier to treat and yields: 


P= — VPRE| = 
2yx 


1 1 a— Vv: 
15 ( ln vay 
AV. \24/2y 2 on 4/27) \o 
Pat! 
R 
V/PoRo 
h P oR? . 
where r= Ri : 


The curves corresponding to this ex- 
pression, for Py equal to one atmos- 
phere, are given in Fig 12. Pores larger 
than a critical size (2.4 X 10-3 cm 
radius) are seen to expand; finer pores 
shrink. 

Fig 11 and 12 show another phe- 
nomenon: the change in pore-size takes 
place most rapidly during a relatively 
short time-range. The time range de- 
pends only on the pore-size, not on the 
conditions of gas pressure. Thus in 
Fig 11, the change, whether of expan- 
sion or shrinkage, is most rapid in the 
range of log F from —6 to —7 for pore- 
radii of 0.01 cm. From Fig 12 it is 
evident that the finer the pores are, the 
sooner they change. A compact pressed 
in air containing an assortment of 
pores ranging in radius from 0.0001 cm 
to 0.01 cm, would, upon sintering in 
vacuo at 850°C, first begin to shrink, 
in a very few minutes; and later, after 
an hour or more, it would expand 
again, and finally reach a stable den- 
sity. Such a sequence is clearly shown 
in the work of Drapeau in cylindrical 
copper compacts.?® 

In heavily pressed compacts of duc- 
tile metal powders, the voids, originally 
isometric, are compressed to a flake- 
like shape. The radius of curvature in 
the direction of pressing is then much 
larger than it is in a direction perpen- 
dicular to the pressing direction. Al- 
though the gas pressure is hydrostatic, 
the surface-tension force is not, and the 
pores may at first shrink in the lateral 
direction, while axially they are effec- 
tively larger and do not yet change. At 
a later time they may expand in the 
direction of pressing while. remaining 
unchanged laterally. The final length 
of a cylindrical compact so compressed 
would be unchanged after a short 
sintering period, but the radius would 
have decreased. After a longer time of 
sintering the length might be greater, 
the diameter having suffered no further 
change. In such a case a short sintering 
time would yield a denser product than 
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a long sintering time, and the shrinkage 
of at least one dimension could be held 
to a minimum. 

The porosity of a compact is not a 
direct measure of its fracture strength, 
as Sauerwald has often pointed out.?® 
The shape of the voids is an important 
factor, because spherical pores are not 
as effective in concentrating stresses as 
are shapes containing sharper curva- 
tures. Furthermore, long times of 
sintering favor conventional grain- 
growth, which may have a deleterious 
effect on strength. A more exact knowl- 
edge of the changes in shape and di- 
mensions of pores and grains could be 
acquired by further study along the 
lines described here, and might permit 
powder metallurgists to select, on a 
more scientific basis, the proper pres- 
sures, temperatures, and times neces- 
sary to treat a compact to its best 
possible physical properties. 


Conclusions 


There remain many unsolved prob- 
lems. For instance, it would be useful 
to know the atomistic nature of the 
viscous flow observed to take place at 
high temperatures under low stresses. 
In particular, the size effect observed 
by Udin, Shaler and Wulff! and its 
relation to particle-size require more 
study. The role of oxide-films, of the 
thickness commonly found on metal 
powders, needs quantitative treat- 
ment. Such films undoubtedly affect 
‘the surface tension, the force of attrac- 
tion, and govern in a large measure 
the pressure of gases trapped within the 
pores, In view of the extensive use of 
hydrogen-containing sintering atmos- 
pheres, the kinetics of sintering in the 
presence of diffusible gases is a field in 
which more work must be done. 
Finally, a great deal more experimental 
work must be done to test the hy- 
potheses brought out in this paper 
regarding the force of attraction and 
the flow of metals under small stresses. 

The sintering process is an extremely 
complicated one. In addition to the 
changes known to occur during the 
heat-treatment of massive metals—re- 
crystallization, grain-growth, and 
others—the presence of a large surface- 
to-volume ratio increases the effects of 
transient phenomena such as the reac- 
tions and desorptions that occur at the 
surfaces of metals. 

This study has given a more quanti- 
tative evaluation than any heretofore 
carried out of some of the mechanisms 
that are in operation during sintering. 
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Among these are the force of attrac- 
tion between metal particles, the role 
played in the first stage of sintering 
by plastic flow or creep, and the nature 
of the last stage of the process, in which 
a viscous flow takes place under the 
combined action of surface tension and 
gas pressure. 

Considerable attention has also been 
given to the part played in sintering 
by the transport of metal through the 
mechanisms of recrystallization, flow, 
surface-diffusion, and evaporation. 

It has been shown that copper, and 
by inference, other metals, possess in 
the solid state a surface tension not 
widely different from that of the 
molten metal, and that this force alone 
is capable of bringing about changes in 
density in powder compacts. The ques- 
tion of why some compacts shrink, 
others swell, and still others do both 
simultaneously in different directions 
and at different times has been dis- 
cussed. Methods of calculation have 
been outlined wherewith a powder 
metallurgist can evaluate the best con- 
ditions of time, temperature, particle- 
size and pressure required to meet his 
specifications. 

In a limited range of cases it is now 
feasible to predict the course of sinter- 
ing with some precision, and some 
observations, which until now have 
been puzzling to students in this field, 
can now be interpreted with less 
difficulty. 
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Discussion 


(F. V. Lenel presiding) 


H. H. HAUSNER*—I am surprised 
that Shaler in his excellent study on 
sintering does not apply electrical test 


* Sylvania Electric Products. 


NOVEMBER 1949 


methods in order to determine and dis- 
tinguish the various stages of sintering. 
Electrical resistance or conductance 
measurements on sintered compacts per- 
mit a deeper insight in the process of 
sintering and especially in the earlier 
stages—or as Shaler calls it in the 
first phase of sintering, than any other 
methods. 

The electrical resistance of a sintered 
material is composed of two different 
types of resistances: the particle resist- 
ances and the resistances between the 
particles which we call contact resist- 
ances.* In a general way (and before 
recrystallization) the total of the particle 
resistances will be the same whatever the 
particle size is, or whatever the respective 
degree of sintering of the compacts is. The 
contact resistances between the particles 
however will greatly change with the 
bond between the particles and will there- 
fore be an indicator for the respective 
stages of sintering. 

It is not only the electrical resistivity 
which permits conclusions on the bond 
between particles but also the tempera- 
ture coefficient of resistance. Oxide layers, 
impurities or other material on the grain 
boundaries will greatly affect the contact 
resistance and especially influence its 
change with the temperature. 

The results of a comprehensive study 
on the electrical properties of sintered 
material, especially describing the effect 
of the degree of sintering on the electrical 
resistivity of compacts will be published 
in the near future. 


A. J. SHALER (author’s reply)—I 
should like to thank Dr. Hausner for his 
excellent suggestion. I look forward with 
interest to the publication of his results. 
Owing to the complexity of the sintering 
process and the number of variables 
changing simultaneously during heating, 


_I prefer, whenever possible, to simplify 


the problem by studying such models as a 
string of small perfect particles, or a syn- 
thetic pore. If, at some time in the future, 
I understand fully what is going on in 
these simple models, then I shall feel free 
to carry out experiments on the enor- 


“mously more complicated problems exist- 
ing in compacts made of irregular 
_ particles of various sizes and of different 


compositions. The state of the science 
‘concerning contact resistance and the 
passage of the electric current through 


complex surfaces in contact with one 


another is not yet such as to permit me to 
use it with much confidence as a research 
tool. : 


E. F. SWAZY} and L. 8S. BUSCH}— 
Generally, the powder metallurgist is 
concerned with the space between metal 
powder particles more than the particles 


*H. H. Hausner: The Effect of Particle Size 
on the Electrical Properties of Sintered Mate- 
rials. Powder Metallurgy Bull. (1948) 3, 4-8. 

+ P. B. Mallory & Co., Inc. 
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themselves. In making structural parts, 
he is concerned with minimizing pore 
space or eliminating it. In making bear- 
ings, filters, or any parts in which the 
pores are later filled, he is concerned with 
the shape, size, and degree of continuity 
or discontinuity of these spaces between 
the powder particles. Any work deserves 
great praise which sheds light upon the 
behavior of these spaces during the 
treatments usually afforded articles made 
from metal powders. Dr. Shaler’s paper 
describes such work. 

In the treatment of fine copper powder 
to reduce the oxides formed during 
storage, appreciable sintering occurs even 
at very low reduction temperatures. If 
the cake so formed is broken up, then 
changes which have occurred during the 
reduction (which can be considered a 
step in the elimination of the so-called 
transient phenomena) will affect the sub- 
sequent states through which a compact 
goes during sintering. We feel that any 
attempt to divorce completely the 
“steady state’ and ‘‘transient phe- 
nomena’”’ is a dangerous one and might 
lead to oversimplification of a difficult 
problem. One can consider these phe- 
nomena separately but cannot separate 
them finally. 

We believe that the question of change 
in pore discontinuity during sintering de- 
serves some discussion. It seems very 
dubious to us that the pores, resulting 
from the pressing of a compact from any 
metal powder particle which is not flat, 
ever become discontinuous. 

Consider a three dimensional figure 
similar to Fig 4; that is, a closely packed 
group of spheres. It is difficult to imagine 
a complete discontinuity of the pores 
until the compact becomes completely 
dense, particularly if the particles retain 
some measure of their spherical shape on 
all surfaces forming a pore wall. 

If the particle shape is changed before 
complete densification, as by repressing, 
it is conceivable that the pores might be- 
come discontinuous. But, as shown by the 
table that follows, porosity is still con- 
tinuous even after severe repressing. It is 
conceivable then, that surface diffusion 
and evaporation can be considered part 
of the steady state phenomena. Certainly 
the rate at which both of these proceed 
would increase rapidly with increasing 
temperature and would also increase with 
time at a high temperature. 

In the following table is shown the rela- 
tive degree of porosity of copper com- 
pacts made from a minus 100 sieve, 
hydrogen reduced, copper powder sin- 
tered at 900°C for one-half hour and re- 
pressed at various pressures. The pressed 
density was 7.5 g per cc and the sintered 
density was approximately 85.5 pct of 
absolute in each case. 

The degree of permeability was meas- 
ured by noting the time required for a 
pressure of 90 lb of air on one side of the 
compact to fall to atmospheric pressure 


eee oa 9S Rr ae iia ye 
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Final Density | Pet of Absolute| _p Relative 
g per cc Density seg ee) 
8.00 89, 5 
8.25 92.8 5 
Sioe 93.5 1 
8.40 94.4 34 


on the other. The figures indicate that the 
pressure fell 6.6 times as fast in the 89 pct 
dense specimen as in the 94.4 pct dense 
one, but the important point is that the 
pores did not become discontinuous in 
any case. Neither do the pores in mate- 
rials which develop a liquid phase ~be- 
come discontinuous. Porosity as low as 
0.5 pct can be detected by liquid ab- 
sorption methods in such materials as 
carbides or other high density materials 
and also in some materials which are 
pressed, sintered, and repressed to dens- 
ities as high as 96 pct of absolute. 


A. J. SHALER—Mr. Busch has 
brought up an interesting question con- 
cerning the closing of cavities. I think 
evidence exists that in pressing, a large 
proportion of the voids become isolated, 
and contain trapped gas at a pressure 
somewhere near the pressure with which 
the compact has been compressed. Some’ 
very thin compacts have even been ob- 
served to explode. I see no explanation 
unless the gas is trapped in sealed-off 
voids at high pressure. If Mr. Busch has 
made a three dimensional model of a 
group of spheres close-packed or other- 
wise, he cannot have failed to notice that 
in between them, on certain planes, there 
is a definite neck through which the pas- 
sage of a gas or liquid is limited. The 
area of such necks must decrease in the 
first stage of sintering when the contact 
areas between spheres increase. If the 
sphere centers approach one another the 
neck is also gradually throttled down. It 
does not take very much increase in con- 
tact area or decrease in the distance be- 
tween centers to close them completely. 
In later stages of sintering I cannot see 
any other explanation for the swelling of 
compacts than the presence of a force 
directed outward and acting on the void 
surface; that force to my mind can only 
be a gas pressure. 

Other evidence in this connection is 
shown in the experiments reported on 
Fig 2, in which I was able to heat up 
compacts of spherical copper particles 
under isothermal conditions in a gas at 
a pressure of one atmosphere. The 
density of the compact increased at a 
gradually decreasing rate until, after a 
prolonged period of heating, an equilib- 
rium density was obtained. These com- 
pacts were then heated further in vacuo. 
By thus forming a differential in pressure 
between the gas inside the voids and the 
gas outside the compact I was able to 
bring the density gradually down to a 
lower equilibrium value. 

The reason for the residual permeabil- 
ity in carbides or in copper compacts 
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must be that there is a wide initial varia- 
tion in the void sizes. That might in turn 
be due to a wide variation in the particle 
size or to an irregular distribution of the 
particles. 

In that case, regions containing large 
pores take a considerably longer time to 
reach the end of the first phase of sinter- 
ing than those containing only small 
ones. I think if regular geometrical 
patterns of equal spherical particles could 
be put together and sintered you would 
find the permeability reaching zero after 
long heating. 


F. N. RHINES—If I remember cor- 
rectly, Mr. Busch’s sintering _condi- 
tions were one hour at 900°. We have 
made some observations on changes in 
pore shapes at various temperatures and 
times. In the specimens that we used, the 
pores were definitely still connected and 
far from being spherical in one hour at 
900°. However, as time goes on, the pores 
do spheroidize and by 1000 hr at 900° 
they are very close to being spherical and 
quite obviously not connected. I think 
that the observation under discussion is 
to be associated with too short a time to 

*get into the condition of the samples 
to which we refer. 


J. D. ESHELBY*—There are slight 
numerical errors in the formulas given by 
Dr. Shaler for the rate of closing of both 
cylindrical and spherical cavities. In 
view of the importance of these results it 
may be of interest to show how they may 
be derived by elementary, if rather 
tedious, methods. 

In the case of the cylindrical cavity it 
is clear that a square of unit side with a 
diagonal pointing towards the center of 
the cavity suffers a pure shear 2 de/dt per 
unit time. The work required to produce 
this shear is 7(2 de/dt)?, twice Dr. 
Shaler’s value. 

In more complex cases this simple argu- 
ment cannot be applied. We may start 
from the basic law of viscosity in the 
form: a unit surface normal to the direc- 
tion of the velocity gradient has a 
tangental force acting on it of magnitude 
n X velocity gradient and directed paral- 
lel to the velocity. For any particular 
problem a volume-element can be chosen 
all of whose faces are subject only to 
shear stresses. If we choose a system of 
reference in which the center of the 
volume-element is at rest the work done 
on each face in unit time is then the 
product of 7, the velocity gradient, the 


_ area of the face and the velocity of the 


surface in its own plane. 

For the cylindrical case the appropriate 
volume-element is the cube, one of whose 
faces is the square ABCD, with BD along 
a radius. After unit time it has the shape 
A’B’C’D’. If AB = 1, then AA’ = BB’ 
=i} 4/2 de/dt. AB has undergone a ro 
tation and a displacement Aa = bB’ 

*H. H. Wills Physical Laboratory, Univ. of 
Bristol, England. : 
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at 


p’ 


FIG 13—Sketch to illustrate calculation of 
rate of closing of a cylindrical cavity. 


= AA/v/2 = l4de/dl which is its veloc- 
ity in its own direction. The shear strain 
is, as before, 2de/di: it is the velocity 
gradient normal to AB. The work done on 
the face AB per unit time is thus 7(de/dt)?. 
There are equal contributions from the 
other three faces so that the rate of dissi- 
pation of energy per unit volume is 
4n(de/dt)? as before. The corresponding 
value for the rate of closing of a cylindri- 
cal cavity is 


dR/dt = —Yy/n. 


For the spherical case the appropriate 
volume-element is a regular octahedron 
with the line joining a pair of opposite 
vertices pointing along the radius (Fig 
13). The medium suffers an extensional 
strain de/dt per unit time in the radial 
direction. To preserve constancy of vol- 
ume there must be a contractional strain 
i4de/dt in directions at right-angles to 
the radius. The three diagonals of the 
octahedron are thus parallel to the princi- 
pal axes of strain: in such a case it is 
known* that its faces are subject only to 
shear stresses. The velocity gradient be- 
tween opposite faces is easily shown to 
be V/ 2(de/dt). Suppose that the previous 
figure now represents a section of the 
octahedron with B,D as opposite vertices 
and A,C the mid-points of a pair of 
opposite edges. If the edge of the tetra- 
hedron is 1 then BD = V/ 2, AC =,1. Aa 
now becomes (de/dt)/4 V/3 and bB’, 
(de/dt) / V/3. The component along AB 
of the velocity of the face of the octa- 
hedron varies linearly between these 
limits on passing from A to B. The mean 
value over the face is found to be 


(de/dt) /2 V3. The area of the face is 


\/ 34. This leads to ~/2n(de/dl)2/8 for - 


the work done on this face per unit time. 
There are eight such faces and the volume 


* See for example A. Nadai: Jnl. App. Phys. 
(1937), 8, 205. : " ee me 


of the octahedron is 4/ 24 so that the rate 
of energy dissipation per unit volume is 
3n(de/dt)?. 

For a spherical cavity in an infinite 
medium de/dt = —2(dR/dt)R?/A#so that 
the total rate of dissipation of energy is 


00 Aar 


a5 Al? 
aA 


R 
Er = 12Ro4n at) 


dRo\? 

“at) 

that is, 34 times the value given by 
Frenkel. The error in Frenkel’s paper* is 
the following, using his notation: with 
spherical polar coordinates the non- 
vanishing components of his vj, are Ure, 
veg and vgg, not merely dr, as he states. 
The condition of incompressibility gives 
at once 099 = Up = rrr. In his integral 
vr? must therefore be replaced by 
Orr? + 099? + Vey” = 36 0rr?. 

The rate of closing of the cavity is 


dR/dt = —My/n 


l6rnRo 


ll 


It is interesting to note that this is the 
same as for the cylindrical cavity. 

These and other results can also be ob- 
tained directly from an anology between 
viscous and elastic problems pointed out 
by Goodier.+ Suppose that an incom- 
pressible elastic solid (that is, one with 
a Poisson’s ratio 44) is deformed by the 
application of surface or body forces. and 
that the components of elastic displace- 
ment at a point are u, v, w. If the shear 
modulus yp is replaced by a coefficient of 
viscosity 7 then u, v, w are the velocities 
of flow of a viscous liquid under the same 
forces. The rate of dissipation of energy 
is found from the elastic energy by re- 
placing » by 7 and multiplying by 2, since 
we require stress X rate of strain instead 
of the familiar 4% stress X strain. 

Thus, for example, the rate of con- 
traction of the spherical cavity is equal 
to the displacement of the surface of a 
spherical cavity in a medium with shear 
modulus 7 when the same surface-tension 
forces are applied. The energy need not be 
introduced, since the solution of the elas- 
tic problem is known. As a matter of 
fact the elastic energy per unit volume is 
}jEe? where E is Young’s modulus 
(= 3yfor an incompressible solid) and eis 
the radial strain. The dissipation in the 
viscous case is thus 3n(de/dt)? as before. 


Summary 


There is an error in the formula given 
by Frenkel for the rate of energy-dis- 
sipation round a closing spherical pore. 
This has the effect of replacing the nu- 
merical factor 324 by 16 in Dr. Shaler’s 
expression for Er. For the corresponding 


cylindrical problem the rate of dissipation 


should be 4n(de/dt)?, not 2n(de/dl)?. 


* J. Frenkel: Jnl. of Phys. USSR (1945), ; 
+ Phil. Mag. (1936) (7), 678. oP cake 
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It is shown how these results may be 
obtained by elementary methods. 


A. J. SHALER—I thank Dr. Eshelby 
for bringing up this point and for his 
elegant demonstration. He is entirely 
correct as I discovered some three or 
four weeks ago when I recalculated this 
entire problem by yet a third approach, 
namely the Rayleigh equations of hy- 
drodynamics. The correction, as you see, 
alters the constant factor in the result. 
I have recalculated the curves of Fig 9 
accordingly, and have also added some 
experimental points obtained since the 
time of writing. The results are not pre- 
cise enough to show any different agree- 
ment with the corrected curves, which are 
shifted by a small amount. Further ex- 
periments are in progress. 


R. SHUTTLEWORTH *— Goodier?® 
has pointed out that the problem of the 
steady flow of a viscous fluid and the 
elastic displacement of an incompressible 
solid are mathematically identical. Sup- 
pose that two isotropic homogeneous 
bodies of the same shape—one purely 
elastic and incompressible, the other 
purely viscous—are loaded in the same 


- way; the displacement of the elastic body 


is given by the product of » and a func- 
tion of position, while the velocity in the 
viscous case is given by the product of 7 
and the same function, where » and 7 


“are the shear modulus and the coefficient 


of viscosity. 

It is useful to apply this correspondence 
to the calculation of the rate of shrinkage 
of a viscous fluid that contains a large 
number of equal spherical pores, of radius 
R, due to surface tension (Dr. Shaler’s 
model of sintering). The elastic problem 
is the deformation of the corresponding 
body formed from an incompressible but 
shearable material, due to a hydrostatic 
pressure —2c/R inside all the pores and 
zero pressure outside the body, where 
is the surface tension. Because the mate- 
rial is incompressible the deformation 
depends only upon the pressure difference 
between the inner and outer boundaries 
(this immediately follows from principles 
of superimposition of strains and the 
proportionality of stress to strain); the 
problem thus reduces to the deformation 
due to a hydrostatic pressure +2¢/R out- 
side the body and zero pressure inside the 
pores. 

The hydrostatic pressure produces 
shears in the walls separating the pores, 
which cause a reduction in volume of the 
pores (the volume of the solid, of course 
remains constant). It is possible to treat 
the body as a homogeneous continuum, 
and every element of volume V (sup- 
posed so large that it contains many 
pores) has a simple dilatation strain 
dV/V which is independent of the size 
and shape of the body, and of the position 
of the element. The displacement be- 


* H. H. Wills Physical Laboratory, Univ. ‘of 


Bristol, England. 
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FIG 14—The increase at relative density 
with time at sintering. 


tween any two points is proportional to 
their initial separation. 

To make the theory quantitative it is 
necessary to find a relation between the 
dilatation and the pressure 2c/R. Here 
the approximation is made that the de- 
crease in volume of a porous sphere is the 
same whether the pores are uniformly 
distributed or are all collected together at 
the center of the sphere. Love*! gives an 
expression for the radial displacement 1 
of the outer surface of a solid shell with 
internal and external radii a and b, due to 
an external pressure, from this expression 


A more accurate calculation could per- 
haps be made along the lines indicated by 
Bruggeman.*? 
The relative-density p is defined by, 
= Vm/V where Vm is the volume of 


metal in an element of volume VJ, 
therefore 
dV _ _dp_a@__ i=» 
ee p’ b3 — a3 p 


If there are n pores per unit volume of 
metal, then 


n can be calculated from the initial den- 
sity and the initial pore radius; it does 
not change with time. And so 


4 4 
dp => aur gH p83 (1 — p)%, 


In the viscous case each element of 
volume (together with its pores) flows 
towards the center of the spherical speci- 
men with a velocity which is proportional 


- to its distance from the center. The rate 


of decrease — dV/di of an element of 
volume V, corresponds to the decrease of 
volume — dV in the elastic case: 
dp _3 3(4y°= ons 
din L243 n 


The density increases uniformly through- 
out the whole body, at a rate which is 
independent of the size and shape of the 
body. When the last equation is inte- 
grated the relative-density is obtained as 
a function of time ft, 


XS (1 — p)%. 


her =o ( 3 ie ep = dp : 
po oie ib pr(l — py? 
= ® (p) — (45) 
where po is the relative-density at time 


= 0. I am grateful to my colleague 
Mr. J.. K. Mackenzie for evaluating 


the integral &(p), which is plotted 
in Fig 14. With the substitution 
= (1 — p)*/p%, the integral can be 


expressed in terms of known functions. 
If Dr. Shaler’s model is correct this equa- 
tion enables the ratio o/y to be found 
from the variation of the density of a 
powder compact with time. 

Dr. Shaler, in his treatment of this 
problem, ignored the fact that all the 
pores in the body are closing simultane- 
ously; and found that the velocity of 
flow decreased with the distance from a 
pore. This is not correct. An observer 
situated at the center of a pore and 
moving with the pore, who smooths out 
the change in direction of flow around 
the other pores, will observe that, at dis- 
tances larger than the separation at 
pores, the velocity of flow increases in 
proportion to the distance. 


Summary 


Dr. Shaler’s treatment of the rate of 
increase of density of a porous body is 
not valid, because he does not take ac- 
count of the simultaneous closing of all 
the pores. A treatment based on the 
solution of the corresponding elastic 
problem shows that the relative-density 
p increases with time ¢ according to the 
equation, 


wee = 8(p)\— Bp): 


where n is the number of pores per unit 
volume of metal (that is, it does not 
change with time) and the function &(p) 
is shown in Fig 14. 
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A. J. SHALER (author’s reply)—I 
thank Dr. Shuttleworth and his col- 
league, Mr. Mackenzie, for the excellent 
discussion and for providing us with an 
explicit solution to the function F which 
I have left unintegrated. The possible 
skin effect, or size effect, described in the 
Udin, Shaler and Wulff paper!? may make 
it necessary to alter both Dr. Shuttle- 
worth’s model and my own. In the case of 
Dr. Shuttleworth’s model, the change 
would lead to a more serious drawback, 
for it would be necessary to evaluate in a 
new light the validity of the approxima-— 
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tion of a porous compact by a solid body 
with a single cavity at the center, and 
also the validity of extending his solution 
to other than spherical compacts, two 
unnecessary evaluations in the case of 
my analysis, in which the relative density 
is introduced into the graphical integra- 
tion of F as an experimental value. A 
second drawback to the use of Dr. 
Shuttleworth’s explicit solution is that 
the value of py at the end of the first 
stage of sintering is not known, so that 
the value of the constant ®(e)) must in 
any case be deduced from experimental 
results. 

Dr. Shuttleworth’s criticism concern- 
ing the velocity of flow decreasing with 
distance from a pore is not in.accord with 
the condition of continuity. For the same 
volume of: porous material must cross 
each concentric spherical shell centered 
at any pore or at any point in the com- 
pact in the same differential time interval, 
during which the density is changing by 
the same amount throughout the com- 
pact, as he demonstrates. Hence, the 
velocity of any element towards the cen- 
ter of the shells is inversely proportional 
to the square of the distance. It is also 
inversely proportional to the density, a 
factor which was not left out of my equa- 
tions, and appears in the function F for 
that reason. Dr. Shuttleworth’s ob- 
server situated at the center as a pore is 
subject to much the same illusion as the 
astronomer on earth observing the reces- 
sion of nebulae in an expanding universe. 


G. F. HUTTIG* (Condensed version 
of translation)—The first part of Hiittig’s 
discussion is concerned with Shaler’s 
distinction between “transient”? and 
“steady state’? phenomena or mecha- 
nisms in the sintering process. Hiittig 
considers possible different definitions of 
the words “‘mechanism”’ or ‘“‘phenome- 
non,’ investigates whether the distinction 
between “‘steady state”’ and “‘transient”’ 
is possible on the basis of each of these 
definitions and comes to the conclusion 
that the distinction cannot be justified. 

Hiittig further takes issue with Shaler’s 
interpretation of his own theory: “‘I can- 
not agree that all the phenomena which 
form the basis of my theory can be consid- 
ered transient for the following reasons: 

“1. Even if the phenomena which I 
have considered are followed at higher 
temperature by other phenomena which 
complete the sintering process, this in 
itself would be no proof that the phe- 
nomena considered by me are transient.” 
Hiittig argues that Shaler does not. ob- 
serve the final result of the sintering 
process, namely, a single crystal, and 
that it is therefore conceivable that at 
sintering times even longer than those 
employed by Shaler new phenomena are 
observed. 

“2. It is not correct that my theory is 
based only on processes which are ‘sub- 


*Tnst. f. Anorg. u. Phys. Chem. d. Tech. 
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FIG 15—Representing atoms in lattice. 


stantially completed in a matter of hours 
at temperatures considerably below those 
generally used in sintering.’ I have taken 
into account all the sintering phenomena 
which were described in the literature up 
to 1941. There were 85 publications not 
including my own. Data on the sintering 
process of the metals Cu, Fe, Sn, Pb, Au, 
Ni, Mo, W and Al were found. Also the 
literature on the sintering process in 
oxides and other materials was collected, 
including data on the oxides Fe20s, 
ZnO, BeO, CuO, Fe;0.1, NaCl, organic 
materials-and glasses. Of the properties 
by which the progress of sintering was 
measured, the following may be men- 
tioned: electromotive forces, solubilities 
and chemical reactions with various 
liquid media, adsorption isotherms of 
methanol vapor and data calculated from 
them, densities in the vacuum pycnom- 
eter, apparent density, catalytic effects, 
electrical — resistivities, gas evolution, 
strength, hardness, grain growth meas- 
ured microscopically and by X rays, 
adsorption of dissolved dyes, and so on. 
All observations are presented in graphi- 
cal form, in such a way that they can be 
compared with one another, in Kol- 
loidzeitschrift, (1942) 98, 6-33. On the 
basis of these data a theory which takes 
into account all the sintering phenomena 
was developed in Kolloidzeitschrift, (1942) 
98, 263-286. Other investigations based 
on the same methods concerned systems 
of two components, that is, mixtures of 
powders. This finally led to a theory 
which covers not only the sintering of 
single metals, but all types of chemical 
reactions in the solid state. These re- 
sults are presented systematically in 
Handbuch der Katalyse, Vienna (1943) 
VI, 318-577. 

“I wonder is it possible that a theory 
which takes into account such extended 
material can find its rightful place in 
Shaler’s section on transient phenomena, 
which comprises only 34 typewritten 


lines.” 


Regardless of his criticism of Shaler’s 
distinction between steady state and 
transient phenomena, Hiittig states: 
“The paper contains so much new mate- 
rial and new ideas, that I believe it may 
become a turning point in powder- 
metallurgical research. The ideas are not 
always easy to comprehend and the fol- 
lowing is therefore meant more as com- 


ment than as criticism. 

‘“‘]. The paper by Sackmann, Burwell 
and Irvine’ is closely connected with the 
results of Thirsk and Whitmore (Trans. 
Faraday Soc. (1940) 36, 862. Other 
papers which concern the same phe- 
nomenon are quoted in Handbuch der 
Katalyse, V1, 474-479 and 539-544. 

‘‘9. With regard to Shaler’s concept of 
the electron density distribution on the 
surface of a metal I wonder whether the 
method of Grimm, Brill, Hermann and 
Peters who determined electronic densi- 
ties by means of Fourier analysis of 
X ray diffraction data could not be ap- 
plied also to the surface layers, perhaps 
on the basis of electron diffraction meas- 
urements. This may result in a direct 
confirmation of Shaler’s concept. 

‘**3. In order to provide experimental 
support to the ideas about the role 
which a gas plays in sintering I should 
like to suggest the following experiment: 
The progress of sintering should be in- 
vestigated (a) in a vacuum, (b) under a 
pressure of one atmosphere, (c) of 10 atm. 
(d) of 100 atm. of an inert gas such as 
argon or helium. What differences are 
observed, if the other experimental condi- 
tions are held constant? 

“4. IT am trying to develop a simple 
model in order to visualize Shaler’s con- 
cept of the energy and force relation- 
ships in a capillary. (Regarding the use 
of such models see my paper together 
with Joos on the energy of crystal lat- 
tices (Ztsch. Elektrochem. (1926) 32, 294); 
W. Biltz and H. Grimm’s calculation of 
the lattice energy of ammonia com- 
pounds (Ztsch anorg. Chem., 145, 63: and 
Pfeiffer and Goldschmidt’s application of 
the idea of coordination number to the 
systematics of crystal lattices. Such a 
picture may possibly serve as a basis of 
discussion. 

“Every atom tends towards a mini- 
mum free energy content. No important 
error is introduced when, in this state- 
ment, total energy is substituted for free 
energy. Fig 15, representing the atoms 
in a lattice, is drawn in two rather than 
in three dimensions and my discussion 
refers to this simplified two dimensional 
model. The heavy line represents a cross- 
section through the surface of a crystal. 

“The atoms in the interior, A, have 
a minimum of energy. They therefore 
represent the most stable arrangement. 
All four positions of nearest neighbors 
are filled. Next in line with regard to 
increasing energy content are the B-atoms 
whose three nearest-neighbor positions 
are occupied (subdivided into By, Bo, B;) 
then C with 2, D with one nearest- 
neighbor position occupied, and finally 
E, a freely diffusing atom with the 
highest energy. In a three dimensional 
model the coordination numbers (num- 
bers of nearest neighbors) have to be 
changed accordingly. 

“The surface energy is that energy 
which has to be expended to bring an A 
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atom into a B position (in general a B; 


position). The same amount of energy 


is given off when a surface atom becomes 
an atom in the interior. The surface 
tension in dynes per cm is identical in 
numerical value and dimension to the sur- 
face energy in ergs per cm2. The pressure 


_ which is exerted is always directed to- 


wards the mass, that is, in the direction 
which tends to fill the nearest neighbor 
positions and never in the direction of 
the empty space of the capillary. The 
entire system reaches a minimum in free 
energy, that is, the most stable state, 
when all geometrically possible move- 
ments in the sequence E-D-C-B,;-B,-B,-A 
have taken place. This process must be 
connected with the filling up of the capil- 
lary. All ideas which cannot be brought 
into agreement with this simple picture 
are to me very difficult to comprehend. 

5. I should like to underscore three 
times the sentence in the conclusion: 
“The sintering process is an extremely 
difficult one.’ ”’ 


A. J. SHALER—I thank Dr. Hiittig 
for his able and kind discussion, and 
regret that it could not be given in full. 
Doubtless it is dangerous, as he and 
others taking part in this discussion have 
stated, to try to dissect the interrelated 
parts of the sintering process without 
great care; it is nevertheless a very neces- 
sary part of the scientific method, and 
one of which Dr. Hiittig has made full use 
in the papers he quotes. The separation 
of the process into “‘steady state” and 
‘“‘transient”’ ‘““mechanisms” and “‘pheno- 
mena’ can be debated on semantic 
grounds, a debate which loses as much 
value through the imperfection of defini- 
tion in our own tongue as through the 
additional loss of clarity attendant upon 
translation. That I have dealt with Dr. 


‘Hiittig’s work in but a few lines inno way 


reflects on my part poor judgment of its 
importance, but rather an acceptance of 
the fact that he has given as final a 
treatment of some of the “‘transient”’ 
mechanisms as I had hoped to do with 
some of the “‘steady-state’’ phenomena. 
Dr. Hiittig’s suggestions concerning 
further refinements are welcome. Some 
are even now being explored. His picture 


_of the surface energy is oversimplified. 


It is more useful in dealing with ionic 
inert-gas crystals than With metals as 
Dr. Shuttleworth has pointed out (The 


Surface Energies of Inert-Gas and Ionic 


Crystals. Proc. Physical Soc. (1949) 


A 62, 167) in his statement: “‘In metals 
the surface energy is best regarded as 
arising from the change in kinetic energy 
of the free electrons due to the presence 
of the surface.” 


F. N. RHINES*—One matter that I 
would like to mention concerns the classi- 
fication of the various steps in sintering. 
As a process in the scientific thinking, we 
very properly try to break up complex 
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processes into small parts in order that we 
may look at them one at a time and 
thereby gain an understanding of the 
whole process through more simple steps. 
In so doing, however, I think that we 
should be very cautious about naming 
the individual steps, or about intimating 
that one step occurs at one time and an- 
other at another. It seems to me that the 
steps that Dr. Shaler has mentioned 
really overlap so much that all of them 
are going on, to some extent, most of the 
time. This is rather a case of one process 
being predominant at one moment and 
another being predominant later so that, 
perhaps, we would confuse ourselves less 
if we referred to the several processes 
without intimating so definitely that each 
one is associated with a specific time. 

The data that I want to present are 
from what was to have been a paper for 
this meeting. Unfortunately the work was 
not completed in time but it is so defi- 
nitely on this subject that I would like to 
put some of it before you. 

We at Carnegie Tech have, over a 
period of some years, been studying the 
sintering process by observing the change 
in size and number of pores in lightly 
pressed compacts sintered at various 
temperatures and for various times in 
various atmospheres. I shall confine what 
I have to say mainly to sintering in 
hydrogen and at the higher temperatures, 
because the effects that are observed are 
most obvious under these conditions. 
Density measurements, made at intervals 
from 10 min. to 1000 hr at 800, 900 and 
1000°C, exhibit a progressive increase, at 
a diminishing rate, at each temperature, 
the change being most rapid at 1000°C. 
From this observation one must con- 
clude, as Dr. Shaler has done, that the 
total volume of porosity in the samples has 
been decreasing progressively. I empha- 
size this point to make it clear that, so far 
as the density measurements are con- 
cerned, there is no difference between his 
results and ours, because, beyond this 
point, our paths diverge. Our microscopic 
observations show very clearly that one 
should not further conclude that, indi- 
vidually, the pores are diminishing in size. 

Microscope counts of the number of 
pores as a function of size, in single 
samples, show that the number rises 
from near zero at the smallest discernible 
size (of the order of 100A in diam) to a 
maximum number at some intermediate 
size, then decreases, rapidly at first, in 
progressing to larger size and, then, more 
and more slowly, a zero number is ap- 
proached just above the largest size 
present. With increased sintering time, 
the total pore count (including all sizes) 
diminishes and the maximum count 
shifts to larger pore sizes, but there is an 
actual increase in the number of pores of 
sizes greater than that at the size of the 
maximum count and there are a few 
pores of larger size than the largest ob- 
served at shorter sintering time. In other 
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words, the larger pores are all growing at 
the expense of their smaller neighbors, 
while the smallest pores are vanishing 
altogether. 

This is the experimental evidence. | 
have given just one example out of a good 
many that were studied, but they all fol- 
low this same pattern. We have made an 
effort to devise a mechanism to describe 
what happens to account for these obser- 
vations and I would like to outline this 
rather briefly. 

Taking a somewhat different, but I am 
not at all sure that it is a fundamentally 
different viewpoint from that of Dr. 
Shaler, we have assumed that the transfer 
of vacant space required to bring about 
the changes in pore diameter is accom- 
plished by the diffusion of vacant lattice 
sites. We assume that the number of 
vacancies present in the lattice varies 
from place to place in the piece of metal 
under the influence of the surface tension 
at the boundaries of the pores and at the 
external surface. Adjacent to a small 
pore the number of vacant lattice sites 
will be large, because the higher surface 
tension of the small pore will increase the 
probability of the birth of vacancies at its 
bounding surface; similarly the concen- 
tration of vacancies will be less next to 
a large pore and still less near the external 
surface of the sample. This gives rise to 
a complex pattern of lattice vacancy 
concentration gradients, such that the 
vacant sites will tend to diffuse away 
from the smallest pores and toward 
larger pores and the external surface. 

Using the surface tension value for 
copper, found by Udin, Shaler and 
Wulff, and applying conventional as- 
sumptions with regard to the variation 
of the lattice vacancy concentration with 
surface energy and with regard to the 
rate of diffusion of vacancies, Dr. 
Birchenall has succeeded in computing 
the change in the number of pores of each 
size during a stated time interval at 
1000°C. His results agree very well with 
the observed changes. This encourages us 
to believe that the mechanism that I 
have outlined may be reasonable. 

The mathematical method that Dr. 
Birchenall has been forced to use is, un- 
fortunately, very cumbersome. (It is 
similar to the well known analysis of the 
growth of water droplets in equilibrium 
with water vapor.) For this reason, it is 
taking a rather long time to test the 
theory on all of our observations; this 
work is currently in progress. 

I would like to add to what I have said 
a few comments with regard to what all 
this means in connection with Dr. 
Shaler’s paper. The main conclusion that. 
we seem to have reached is this: all except 
the smallest pores grow during sintering, 
but the rate of the disappearance of the 
smallest pores is such as to produce an 
over-all reduction in porosity. This may 
be hard to understand unless it is appreci- 
ated that all outdoors is a pore too and 
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there is diffusion of vacant space into the 
space surrounding the sample. That is, 
the increase in density must be due to the 
diffusion of vacant lattice sites through 
the external surface. This would lead us 
to the conclusion that the rate of density 
change depends upon the initial number 
and size distribution of the pores, the 
amount of external surface and the thick- 
ness of the compact. I believe that it is 
often observed, commercially, that the 
smaller compacts do reach maximum 
density more rapidly than large com- 
pacts. My impression is that if we had a 
compact of infinite size the only thing 
that would happen would be that there 
would be a tendency for all the pores to 
agglomerate into one great big one of the 
same volume as the total porosity. There 
would be no change in density whatever. 
When we have an external surface some 
of the vacant space goes to the external 
surface and is lost; that gives us our 
densification. The more the external sur- 
face per unit of volume, the greater the 
rate of densification. In a compact of 
small size there would be, after many 
hours of heating, many more pores in the 
interior than near the surface. 

Further, it seems to me that our ob- 
servations are telling us that it is risky 
to assume, as Dr. Shaler has done in his 
experiments, that the pore size obtained 
by piling up sorted powders is really 
what one would compute on the assump- 
tion that there are always the same num- 
ber of pores and that the change in 
density results from their decrease in 
size. I think that is not right. Some of the 
pores are disappearing altogether all the 
time, while others are growing. 

_ Finally, I should like to make brief 
mention of another interesting case: that 
of sintering in argon. When we observe 
the changes in pore diameter on sintering 
in argon we find that, in the early stages, 
the process looks just like sintering in 
hydrogen, as described here, but at the 


_ highest temperatures and after a long 


time, we found a reversal in the trend of 
density change. That is, there was an 
increase in the total porosity late in the 
sintering process. 

We think that the explanation may be 
this: not only must we take account of the 
movement of vacant space, when we are 
sintering in an atmosphere rather than a 
vacuum, but there must be movement of 
the gas within the metal. This is also a 
diffusion process, and the rate of diffusion 
of the gas may be quite different from the 


rate of diffusion of the vacant lattice 


sites. If the rate of diffusion of the gas is 
high, we may expect that the gas will get 
away, (disappear through the surface of 


the specimen), because of the squeezing 


down of the pores, with a consequent 
building up of the pressure. But if the rate 
of diffusion of the gas is slow, it is much 
less likely that the gas will reach the ex- 
ternal surface at a rate corresponding to 
the change in total pore volume. Now, 
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suppose that we transfer a given amount 
of gas from a given volume of little pores 
to the same volume of big pores. The 
little pores will have high surface tension; 
the big pores low surface tension. The 
little pores can sustain a higher pressure 
of the gas so that when the gas is moved 
on into the larger pores it will cause them 
to expand. 


A. J. SHALER—We are all anxious to 
read the full account of the work of Drs. 
Rhines and Birchenall, and I am grateful 
to Dr. Rhines for presenting so much of 
it here. 1 should like to comment on some 
of the points he has made with a view to 
discovering if and where important dif- 
ferences exist bet ween his views and mine. 

I appreciate his very valid criticism of 
my attempt to separate the sintering 
process into steps, which in reality over- 
lap one another to a great extent. In my 
model, which is only a first approximation 
to reality, two assumptions are made: (1) 
the pores are assumed to be far apart, and 
(2) they are assumed to be all of the same 
size. In my synthetic cylindrical pores I 
have tried to proceed according to the 
first. In the experiments on compacts I 
have tried to use spherical particles all of 
the same size in order to approach the 
second. assumption. 


F. N. RHINES—May I say, in con- 
nection with this, that you would have 
to be a micro-olive packer to get that 
condition experimentally; when you pile 
up spheres you are going to have some 
bridging, and it is inconceivable to me 
that, experimentally, you could even 
have, initially, all one size of pore; this 
situation would get progressively worse as 
you went on in sintering. 


A. J. SHALER—That is correct. You 
have in that respect carried out the re- 
finement, which I have not yet wanted to 
make, of dealing, not as I have with an 
impractical simple system, but with a 
practical and very complicated one, 
judging from the complexity of your 
equations. 

The observations given by Dr. Rhines 
concerning the pore-size changes in cop- 
per sintered in hydrogen and in argon are 
not in disagreement with my results, al- 
though I have not carried out a quantita- 
tive analysis of the case of a diffusing gas 
—hydrogen—trapped in the pores. In 
both cases, the smallest pores first shrink 
to a small size, stable in the case of argon, 
but, with hydrogen, subsequently de- 
creasing at a slower rate depending on 
the diffusion path of the hydrogen. At 
later times, successively larger pores 
shrink by lesser and lesser amounts. Later 
still, pores larger than a critical size swell 
instead of shrinking, and again, in argon, 
reach stable equilibrium sizes. In hydro- 
gen, the swelling of pores of these sizes is 
followed by shrinkage as the gas diffuses 
out. Such developments should give the 
same qualitative change in pore counts 


as those observed by Dr. Rhines, al- 
though in my analysis I have neglected 
the effect on each pore of the presence of 
neighboring pores of greater and smaller 
sizes. My results indicate that, in argon 
sintering, there should be observed a 
fairly large stable pore count at very 
small sizes. The absence of these in Dr. 
Rhines’ observations may be due to their 
being too small to be seen in the micro- 
scope; alternately, the surface tension 
may be sufficient to drive the residual 
argon into solution in the metal, not- 
withstanding the low solubility of this gas 
in copper. 


F. N. RHINES—I do not think there 
is any evidence of a large pore count at 
submicroscopic size. As observed with a 
microscope, the pore count is decreasing 
at an accelerating pace all the way down 
to the smallest visible size. The larger 
pores are not shrinking; they are all 
growing, but the smallest pore is vanish- 
ing. I am not sure that 1 have got my 
point across yet. The point that I am 
trying to make and the way that I see 
this thing is that every pore must receive 
vacancy from outlying space so long as 
there is any pore around it that is smaller, 
so that we observe only growth of pores, 
or their total disappearance. ; 


A. J. SHALER—Not in argon. 
F. N. RHINES 


A. J. SHALER—The mechanism 
whereby pores change in size and com- 
pacts change in density by the movement 
of lattice vacancies is not quite the same 
in Dr. Rhines’ view as in mine. He first 
establishes a gradient of vacancy concen- 
tration, then states that vacancies will 
diffuse down the gradient. In his treat- 
ment, as in those of Pines and Kuczynski, 
vacancies are treated very much as if 
they were atoms of matter soluble in the 
metal, present in mass inside the pores 
and outside the compact, and diffusing 
through the metal. Shrinkage of the com- 
pacts follows if it is shown that the 
vacancies are more highly ‘“‘concen- 
trated” in the small pores than in the 
large ones; the outlying space being the 
largest pore of all. Such concentration 
differences are ascribed to the radius- 
sensitivity of the pressure due to surface 
tension. 

In my view it is not necessary to have 
vacancy-concentration gradients. A me- 
chanical flow takes place by motion of 
vacancies under the influence of mechani- 
cal stresses due to surface tensions and 
gas pressures. The rate of this flow was 
calculated by Frenkel on the approxima- 
tion that no vacancy-concentration gradi- 
ents exist. In criticism of Frenkel’s 
analysis, Nabarro (private communica- 
tion) has pointed out that a single 
vacancy cannot be persuaded to move 
under a unilateral stress, but a way out 
of this difficulty was suggested (Physical 
Rev., 73, 8, 926, Apr. 15, 1948). 


No, but in hydrogen. 
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I should like to inject a note of caution 
in evaluating attempts to explain me- 
chanical behavior purely on a diffusion 
basis. Dissolved atoms or vacancies re- 
quire an activation energy before they 
can diffuse. It is not sufficient, as it is in 
the diffusion of tenuous gases, that there 
be a concentration gradient. If external 
causes, such as the presence of surfaces 
of various curvatures, require local read- 
justments of vacancy concentration in 
order to minimize the free energy, then 
the concentration gradients are not in 
themselves driving forces for diffusion, 
because a decrease in gradient would 
increase the free energy. It is conceivable 
that a region of metal near a pore has the 
same flow characteristics as one far from 
a surface, although the former may con- 
tain many more vacancies. 

It appears preferable to try to solve 
mechanically the mechanical problem of 
metal flow under stresses due to surface 
tension and gas pressures. The growth of 
large pores, which standing alone would 
shrink, when they are surrounded by 
many small ones, may be simply due to 
the addition of a radial tension, due to 
the shrinkage of the small pores, on the 


- stress field. The system is equivalent to a 


hollow sphere with externally applied 
hydrostatic tension. That Dr. Birchenall’s 
calculations agree well with observation 
is evidence that in this case the distinc- 


‘tion between a direct mechanical solution 


and a diffusion solution is a semantic one 
only, and that our explanations are not 
fundamentally so different as might at 
first appear. The approach of Drs. Rhines 
and Birchenall is probably on safe ground, 
but that of Drs. Pines and Kuczynski is 
not, in my opinion, as I shall try to 
show in answer to the latter’s remarks. 

Dr. Rhines’ conclusion that the rate of 
shrinkage depends on the size of com- 
pacts is probably true, but in both his and 
my model the effect must be limited to a 
very thin skin; it should be observable 
only on very tiny compacts. The com- 
mercial observations to the contrary can 
be better explained on the basis of the 


~ size-sensitive outward diffusion of hydro- 


gen compressed within the pores, as de- 
scribed above. It should not be observed 
on compacts in which vacuum or a noble 
gas only is present within the pores. 

I am happy that Dr. Rhines has found 
experimental evidence that pore shape 


_has little influence on kinetics of sintering, 


a fact deduced theoretically in my doc- 
toral thesis (Mass. Inst. of Technology, 
June 1947). 


E. OROWAN*—Dr. Shaler’s conclu- 
sion that the attractive force between 
metal surfaces has a range of several 
hundred Angstroms is difficult to accept. 
During his lecture I have calculated, on 
the basis of his formulas, the critical 
diameter for which the long-range attrac- 
tion between two equal copper spheres in 
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contact would just balance their weight; 
in other words, the maximum size at 
which we could lift up a copper sphere by 
means of another similar sphere in con- 
tact with it. I have repeated the calcula- 
tion in another way, with the same 
numerical result, that is, that the critical 
size would be between 5 and 10 mm. If 
both Dr. Shaler’s and my calculations 
were correct, therefore, metal balls of 4 
in. diam could be picked up with another 
similar ball as with a magnet. 


A. J. SHALER—The calculation I 
have made for the attraction between two 
surfaces indicates forces greatly in excess 
of the technical fracture stress of copper, 
but not in excess of the theoretical 
cohesive strength calculated by the 
physicists for a perfect lattice. There is 
some experimental evidence in support of 
this result. Notably, Sackmann, Burwell, 
and Irvine (reference in paper) brought 
riders of copper, containing radioactive 
copper, gently down onto steel surfaces, 
and then removed them, as carefully as 
possible in order to prevent lateral move- 
ment. Copper could then be detected on 
the steel surface, indicating that the 
attraction between the two surfaces was 
greater than the fracture strength of the 
copper. 


E. OROWAN—This can be the result 
of a short-range force; a short-range at- 
traction alone, however, would not lift a 
copper ball by another copper ball! be- 
cause the force would be restricted to an 
extremely small circle of contact. 


A. J. SHALER—I believe we are 
verbally performing two separate experi- 
ments. The first of these is to allow the 
two balls to come within a few hundred 
Angstroms of one another. The force of 
attraction will then bring the two balls 
into contact. The second experiment is to 
separate them, by allowing the weight of 
one to exert a tensile stress on the area of 
contact. As in the tensile test, the tension 
required to cause fracture is very low 
(ca. 10,000 psi for copper) compared with 
the strength of the bond between lattice 
nets. The reason for the discrepancy is 
still the subject of debate among fracture- 
theorists, but it may well reside in defects 
brought into being by plastic flow. A 
recent analysis and calculation made in 
our laboratory of a tensile test under 
pressure performed by Bridgman indi- 
cates that a stress of over 170,000 psi 
normal to an inactive slip plane was 
insufficient to cause fracture in copper, 
whereas fracture occurs in this metal 
when a stress of only 8500 psi is exerted in 
a direction normal to active slip planes. 
The two balls, one suspended from the 
other, are very much like a tensile speci- 
men, and one would expect slip to take 
place first, followed by fracture at the 
consequently lowered stress value. The 
second experiment does not, then, in- 
validate the result of the hypothetical 
first experiment. 


E. OROWAN—We can assume that 
the experiment with the two copper balls 
can be carried out so that there is no 
plastic deformation in either. 


A. J. SHALER—Can we so assume? 
If the fracture problem were solved, I 
think it would be possible to analyze the 
problem of the two balls more adequately; 
I am not sure that it reduces the result of 
my calculation to absurdity. In the mean- 
while, I should be embarrassed to have 
to lift one 4 in. ball with another! 


E. OROWAN—The assumption of 
forces that act over distances of several 
hundred Angstrom units is not only un- 
likely from the theoretical point of view; 
it also leads to immediate difficulties of 
which I have already mentioned one (the 
very large attractive forces that would 
act between spheres in contact). Another 
difficulty is this. When fracture occurs 
between two parts of a brittle solid, the 
work of the cohesive forces between the 
fragments must be of the order of the total 
surface energy of the surfaces of fracture. 
So long as these cohesive forces are small, 
they are determined by Hooke’s law; in 
order to obtain the correct order of the 
surface energy, however, we have to as- 
sume that they cease to obey Hooke’s 
law and begin to diminish when the in- 
crease of the atomic spacings between the 
two fragments becomes a _ substantial 
fraction of the initial interatomic spacing. 
If the cohesive forces continued to act 
over hundreds of Angstroms, the result- 
ing work of separation would be several 
powers of 10 higher than the surface energy. 

A. J. SHALER—The departure, which 
you describe, of the cohesive force from 
Hooke’s law is shown by the well-known 
Morse curve, which is made up of a re- 
pulsive term, becoming negligible at a 
separation of several Angstroms, and an 
attractive term, extending to much 
greater distances. The resultant curve 
ceases to rise linearly and then reaches 
its maximum very nearly at the point 
where the repulsive term disappears; 
thereafter the contribution of the attrac- 
tive force to the surface energy falls off. 
It is this part of the curve which I have 
calculated, making the usual simplifying 
assumptions. It may be that the surface 
energy calculated on this model is not so 
much greater than the observed value as 
Dr. Orowan believes. It is not possible to 
perform the calculation without a knowl- 
edge of the remainder of the curve. 

E. OROWAN—That would amount to 
the assumption that the area below the 
Morse curve up to its maximum was a 
tiny fraction of the total area below the 
curve. This is only another way of postu- 
lating attractive forces of extremely long 
range. 

G. C. KUCZYNSKI*—Dr-~ Shaler; 


what kind of an approximation did you 
use to calculate your forces? 


* Sylvania Electric Products. 
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A. J. SHALER—The electron density 
is calculated from the Fermi equation; 
the potential falls quadratically from a 
value at the surface equal to the work 
function. 


G. C. KUCZYNSKI—1 am afraid 
there is something wrong in these calcu- 
lations. The electron wave functions do 
not extend very far. After few atomic 
distances they are overlapping and there- 
fore the exchange forces are negligible. 


A. J. SHALER—Dr. Kuczynski states 
that there is a considerable difference 
between the viscous flow mechanism and 
what he calls the volume diffusion mecha- 
nism. Since Frenkel’s analysis is also 
based on volume diffusion, I fail to see 
how Dr. Kuczynski reaches this answer. 
I should like to see more of the calcula- 
tion. For the coalescence of strings of 
spheres, treated as a one-step viscous 
flow process, I found an unreasonable 
value of the heat of activation for self- 
diffusion of some 30,000 cal per mol for 
copper. I do not see why Dr. Kuczynski 
should get 55,000 instead of 30,000. 


G. C. KUCZYNSKI—I beg to differ 
with you, but the mechanism described 
in Frenkel’s treatment of this problem is 
clearly stated as viscous flow and not 
diffusion flow. 

The difference between the viscous flow 
and diffusion flow mechanisms -is the 
following: In the case of the former 
mechanism no concentration gradient is 
required. The atoms move preferably in 
the direction of applied stress. In the case 
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FIG 16—The variations of the coefficient 
of self-diffusion of copper with absolute 
temperature 7, plotted on the semi-loga- 
rithmic scale. The points calculated from 
the data obtained by Dr. A. J. Shaler as 


represented in figure. 


of diffusion flow on the other hand there 
has to be a gradient of vacancy concen- 
tration (or interstitial atoms). These two 
mechanisms represent different types of 
flow and their rates are different. 

The relationship between the radius 
of the interface x and time ¢ will be: 


for viscous flow — 2? ~ ¢ and 
for diffusion flow — 2° ~t 
The decrease of the radius of the spherical 
void r with time will be: 
for viscous flow — r = ro — af and 
for diffusion flow — r? = ro? — Bt 
where rp is the original radius of the void 
and a, 6 functions of temperature only. 
On the basis of the relationship for 
diffusion flow the heat of activation equal 
to 55,000 cal per mol was obtained using 
your data. The plot of self-diffusion 


1000 
coefficient as the function of —ar on the 


semi-log scale is given in Fig 16. 


A. J. SHALER—My reasons for break- 
ing the process into two steps are given in 
detail in the paper. These reasons are 
supported by the results that Dr. Duwez 
presented to us this morning, in which 
sintering-rate curves for copper could by 
no stretch of the imagination be extra- 
polated continuously to the origin; to do 
so may introduce an unwarranted simpli- 
fication. The fact that experimental 
points fall more or less on a straight line 
when one coordinate is a high power of 
one of the variables.is a dangerous spring- 
board from which one can easily jump to 
arid conclusions. 


G. C. KUCZYNSKI—There is no 
reason to separate your parabolic curves 
into two portions. If the correct functions 
were found, as I have shown in the case 
of the diffusion flow, these curves can be 
plotted as the straight lines which pass 
through the origin (Fig 17). 


* Uhre) 


5 
FIG 17—The plot of 6° = (§) where z is the radius of the interface and a the radius of 


the particles against the time of heating / in hours. The values of 6 were taken from Dr. A. J. 
Shaler (Fig 6). It should be noted that straight lines are obtained instead of parabolic 
curves indicating that diffusion flow is responsible for bonding of the particles together. 
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FIG 18—(a) Round copper particle sintered to nickel block at 950°C 
for 24 hr in hydrogen. Mag 700 X. (b) Round nickel particle sintered 
to copper block at 1020°C for 48 hr in hydrogen. Mag 200 x. 


_ Both specimens were nickel plated after heating. Black spots inside the par- 
ticles were blow holes caused by reduction of oxides in the hydrogen. Reduced 
one-half in reproduction. 


A. J. SHALER—Dr. Kuczynski has 
shown a photograph of changes in shape 
during sintering of a copper sphere on a 
nickel plate, and also of a nickel sphere 
on a copper plate. I fail to see how these 
changes can help us to distinguish be- 
tween a viscous flow based on diffusion 
or any other kind of flow based on 
diffusion. 


G, €. KUCZYNSKI—I only showed 
this picture (Fig 18) to demonstrate 
clearly that the bonding of the metallic 
particles is not a result of viscous flow. 
Only diffusion phenomena can account 
for the peculiar shape of interfaces. 


H. UDIN*—Dr. Kuczynski uses as a 
model for his sintering calculations a 
sphere on a plane, and then as sintering 
progresses material fills in at the fillet. I 
do not understand where this material 
comes from. I should like to ask Dr. 
Kuezynski if he is positive that his fifth 
power relationship comes from the actual 
mechanism of sintering, not from the 
geometry of the model. 


G. €. KUCZYNSK1—Of course, the 


material comes from the particles. 


F. N. RHINES—Do I understand 
that, m your derivation, you are saying 
that the copper that is filling these fillets 
is coming from the center of the sphere? 


G. CG. KUCZYNSKI—Some. 


F. N. RHINES—You will develop a 
shell. 


G. G. KUCZYNSKI—tThere will be 
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no shell. The atoms move from the body 
of the particle to the ‘“‘neck”’ and the 
holes are diffused out to the surface. 


F. N. RHINES—Eventually you must 
then be taking the copper from the ex- 
ternal surface. The question in my mind 
is whether you would get the same mathe- 
matical expression if you wrote it on the 
basis of picking your copper atoms out of 
thesurface and transferring them through 
the center and out to the fillet. You seem 
to have left the second element of the 
process out of the computation, the ele- 
ment of moving the atom from the sur- 
face into the vacated space. 


G. C. KUCZY NSKI—No, it was taken 
care of by the diffusion coefficient. 


A. J. SHALER—In Dr. Kuczynski’s 
model the flow of material to the neck 
from the surface of the particle may take 
place by one of two paths. Either the 
atoms diffuse along the surface, in which 
case the flow of material cannot lead to 
densification of the compact, but only to 
an increase in the area of contact 
(spheroidization of the pores). Or the 
atoms diffuse through the metal in two 
steps; first, along a vacancy gradient, to 
the neck from a region inside the particle 
near the neck; and, second, from the 
surface to that region. For the second 
step there exists no vacancy gradient to 


accelerate diffusion. It is therefore the 


slower and the limiting step, so that the 
kinetics of the process should be based on 
a flow mechanism requiring no vacancy 
gradient; that is, something similar to the 
viscous flow we have been discussing. 
Furthermore it is questionable to base 


the mechanism of flow even for the first 
step on the existence of a forced vacancy 
gradient; for in this case the vacancy 
gradient exists only in order to remove 
the free-energy gradient which would 
otherwise exist by virtue of the surface 
tension acting on the curved neck sur- 
faces. A vacancy gradient alone is not 
sufficient for diffusion; if there is no free- 
energy difference between one end of the 
diffusion path and the other, the units 
of flow cannot acquire the activation 
energy required for motion. Therefore 
the first step of Dr. Kuczynski’s volume 
diffusion process is not valid, and we must 
return, for a solution to the spheroidiza- 
tion step in sintering as well as to the 
densification (or swelling) stage, to a 
mechanical approach. In fine powders, as 
Dr. Kuczynski has shown, the surface- 
diffusion mode of spheroidization may be 
dominant, but densification of the com- 
pact must still occur by flow under the 
stresses described in my paper. 


G. C. KUCZYNSKI—The process 
here is controlled by the slower reaction, 
namely self-diffusion throughout the 
main body of the particle. The high 
concentration of vacancies near the 


“neck”? does not accelerate the rate of 


diffusion appreciably on the overall scale. 
Some variations should be noticed in the 
coefficient of self-diffusion (increase for 
the vacancy mechanism, and decrease for 
the interstitial atoms mechanism) during 
sintering of particles of only a few hun- 
dred Angstroms in diameter. But proba- 
bly even in such an experiment the 
volume self-diffusion would be com- 
pletely masked by surface diffusion. 
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Introduction 


Most of the data on equilibrium 
constant and the deoxidations po- 
tentialities of those elements, con- 
sidered to be stronger deoxidizers for 
steel than is silicon, have been calcu- 
lated from thermodynamic data. The 
reason for this is, primarily, the ob- 
vious difficulty of obtaining direct 
experimental evidence of equivalent 
accuracy. This is an excellent use of 
the principles of thermodynamics and 
has given valuable data not otherwise 
available. Such results, of course, can 
be no more accurate than the physical 
constants used in the calculations, 
and one can never be sure that the 
basic data are either complete or 
accurate. 

In fact, as in the case with silicon,! 
there are not only discrepancies among 
the calculated theoretical values of the 
equilibrium constant for deoxidation 
of steel but also between the theoretical 
and experimental values. It is highly 
desirable, therefore, to obtain experi- 
mental values for checks on calculated 
results whenever possible. If they dis- 
agree, both cannot be right, but if 
there is good agreement, their value is 
enhanced. 

The present work was done in an 
effort to obtain experimental evidence 
in regard to some of the common 
alloying additions but more particu- 
larly the so-called ‘‘strong”’ deoxidizers 
for steel. The method used was to 
determine the minimum concentration 
of the deoxidizer that would effect a 
certain definite degree of deoxidation 
in steel. The criterion of deoxidation 
was the change from the large globular 
Type I sulphide to the eutectic Type 
II as described by Sims and Dahle.’ 
This change is sharp and definite, and 
inasmuch as it can be produced with 
equal facility by aluminum, zirconium, 
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and titanium, it is considered a mani- 
festation of a certain degree of deoxida- 
tion and not an alloying effect. 

Ostensibly such a procedure could 
give only a comparison of deoxidizing 
powers and no absolute values. Never- 
theless, repeated observations have 
shown that, when increasing incre- 
ments of aluminum are added to a 
steel, the residual aluminum content 
begins to increase simultaneously with 
the appearance of Type II inclusions. 
Thus it seems warranted to postulate 
that the Type II inclusions appear 
coincident with the virtual elimination 
of FeO as an active constituent of the 
steel. 


Experimental Procedure 


The data obtained were primarily 
from the microexamination of polished 
and unetched specimens and from 
chemical analysis. Experimental heats 
weighing 200 to 250 lb were made in a 
basic-lined high-frequency induction 
furnace. The base composition was 
nominally that of a medium-carbon 
casting Steel to which the appropriate 
additions were made. Specimens were 
poured into sand-cast ingots 3 in. in 
diam as shown in Fig 1. Sand-cast 
ingots were used to prevent. chilling 
and to allow sufficient time in freezing 
for normal inclusions to form of a size 
large enough to be studied readily. In 
the first few heats, the tapered wall 
ingot was used, but in the majority, the 
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extra large riser was used to prevent 
piping in heavily deoxidized steels. 
Specimens for microexamination were 
taken from the location shown in Fig I, 
and drillings for chemical analysis 
were taken from a similar location. 

The procedure was to melt the base 
composition and deoxidize with the 
usual manganese and silicon additions 
and then to pour an ingot. The furnace 
was then tilted back, and the first 
increment of strong deoxidizer or 
special alloy was added and allowed to 
disseminate through the melt, with 
enough power on to hold the tem- 
perature constant, for 45 sec. Then a 
second ingot was poured. After this, 
another -increment was added, and 
after the same holding time another 
ingot was poured. In this way from 9 
to 12 ingots were poured from each 
heat, each successive ingot having 
progressively larger total additions 
of alloy. 

Eighteen heats were made alto- 
gether, and the range of alloys used 
and additions made are outlined in 
Table 1. The three principal types of 
sulphide inclusions found are _illus- 
trated in Fig 2. The globular Type I 
sulphides are characteristic of silicon- 
killed steels, the eutectic Type II are 
characteristic of steels deoxidized with 
a small amount of aluminum, while 
the larger, angular Type III are 
usually found in steels with a residual 
aluminum content above about 0.02 
pet. 

In all specimens studied, the transi- 
tion from Type I to II either did not 
occur at all or was very abrupt and 
clear cut. There never was any doubt 
as to just which increment produced 
the change, although the individual 
additions were small, in the order of 
0.01 pet. The change from Type II to 
Type III was considerably less sharp, 
and, in some cases, both types were 
found together. Inasmuch as the forma- 
tion of Type ITI sulphides is apparently 
not a deoxidation phenomenon, they 
will not be discussed here. 
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INEFFECTIVE ADDITIONS 


Manganese 


When manganese was varied from 
0.63 pet to 17.7 pct, the globular 
Type I inclusions remained unchanged. 
In the higher manganese steels, there 
was a greater abundance of duplex 
inclusions containing both silicate and 
sulphide, but there was no hint of a 
eutectic formation. This confirms com- 
mon knowledge to the effect that 
manganese is at best a weak deoxidizer, 
and that it is incapable of lowering 
FeO to the point that Type II inclu- 
sions can form. 

It was noted that, as the manganese 
increased, the phosphorus content 
also increased from 0.009 pct to 0.040 
pct, while the sulphur content de- 
creased from 0.026 pct to 0.014 pct. 
The phosphorus can be accounted for 
as an impurity in the manganese, but 
the loss of sulphur is from a_ real 
desulphurizing action. This was con- 
- firmed by several analytical methods. 
Apparently the solubility limit for 
manganese sulphide was reached with 
high manganese contents and some 
manganese sulphide precipitated and 
floated out. It is not considered 
a practical desulphurization method, 
however. 


Silicon 


In Heat 1467, silicon was increased 
in steps up to 4 pct, but no trace of 
Type II inclusions was observed. Sili- 
con is apparently a stronger deoxidizer 


SPECIMEN 2X 4 


TYPE B 


FIG 1—Sketch of experimental ingots and location of metallographic specimen. 


than manganese but probably could 
not produce eutectic sulphides in any 
concentration. It was noted that the 
silicate inclusions increased both in 
size and in number as the silicon in- 
creased. They also became more trans- 
parent, indicating a higher SiO» con- 
tent. Thus, the total silica content of 
the steel seemed to increase with higher 
silicon. 


Vanadium 


In Heat 1673, vanadium was added 
up to a content of 1 pct. The recovery 
of the added vanadium was practic- 
ally 100 pct, indicating that it is not 
easily oxidized. There was no observ- 
able change in the type of sulphide 
inclusions. These observations plus 
the fact that vanadium oxide is readily 


reduced by silicon warrant the con- 
clusion that vanadium has no notable 
deoxidizing power in steel and does not 
rate a position higher than silicon. 


Calcium 


Although calcium has been widely 
regarded as a deoxidizer for steel, the 
present tests confirmed all previous 
experiments of the authors in giving 
completely negative results. In the 
tests, calcium silicide was added to 
the bare surface of the steel in amounts 
up to 0.4 pct. No change in the shape 
of silicates or sulphides was noted, 
although “‘birds-eye” sulphides, that 
is, sulphides with small, round, black 
spots were more prevalent after the 
calcium additions. Spectroscopic analy- 
sis did not show any residual calcium. 


Table 1. . . Chemical Composition of Steels Studied 


Range in Chemical Analysis, Per Cent 


Heat Special 

Number | Element Notes 

C Mn 1p 

1466 Mn 06.63/17. 7 manganese 0.24/0.26 0.49/17.7 0.009/0 040 
1467 Si 0.28/4.00 silicon 0.23/0.28 0.61/0.65 0.008/0.011 
1673 V 0.001/1.00 vanadium 0.26/0.29 0.54/0.59 0.009/0.010 
1701 Ca 0.001/0.001 calcium 0.24/0.27 0.60/0.72 0.010 
1503 B 0.0005/0.320 boron 0.26/0.28 0.60/0.66 0.009/0.010 
1702 Mg 0,.0005/0.01 magnesium 0. 0.60/0.70 0.010/0.014 
1997 Mg 0.0005/0.003 magnesium 0.69 0.006 
1674 Ti 0.001/0.27 titanium 0. 0.52/0.62 0.010/0.018 
1741 Zr 0.003/0.026 zirconium 0. 0.62/0.65 0.010/0.011 
1998 Zr 0.005/0.32 zirconium 0.71 0.008 
1278 Al Low carbon 0. 0. 0.017 
1465 Al Low carbon 0. 0. 0.008/0.012 
1279 Al ete caren es © as 
1502 Al ormal carbon , 4 ; 
1742 Al Higher carbon 0. 0. 0.010/0.012 
1502 Al Normal Si, Mn 0. 0. 0.010 
1740 Al Low silicon 0. 0. 0.017/0.021 
1743 Al Higher Mn 0. 1. 0.012/0.015 
1999 Al Higher Mn 0.009 


Manganese added as an 85 pct manganese, low-carbon alloy. 
Silicon added to Heat 1467 as 77 pct ferrosilicon. ; 
Vanadium added to Heat 1673 as ferrovanadium, 51 pet vanadium. : 
Calcium was added to Heat 1701 as a calcium-silicon alloy to the surface of the melt. 
-Boron added to Heat 1503 as ferroboron. : a - 
Magnesium added to Heats 1702, 1997 in the form of a powdered iron-silicon-magnesium alloy. 
Titanium was added to Heat 1674 as a pure metal powder. oa : : 
Zirconium added to Heat 1741 as pure metal powder and as a silicon-zirconium alloy to 1998. 


Aluminum added in the form of wire to last eight heats. 
* Acid-soluble aluminum—others are total aluminum valu 
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Ss Si Al 
0.014/0.026 0.39/0.40 0.005/0.006 
0.032/0.043 0.28/4.00 0.004/0.008 
0.029/0.034 0.40/0.42 
0.032/0.033 0.22/0.76 

0.039 0.38/0.42 
0.034/0.035 0.23/2.49 0.004/0.012 
0.045 0.66 0.003/0.005 
0.039 0..36/0.41 
0.037/0.038 0.25/0.34 0.006/0. 008 
0.018 0.30 0.003/0.005 
0.033/0.034 0.17/0.21 0.003/0.237 
0.041/0.045 0.40/0.44 0.006/0.17* 
0.034/0.036 0.29/0.32 0.007/0.287 
0.042/0.043 0.37/0.39 0.007/0.20* 
0.040/0.044 0.34/0.39 0.008/0.145 
0.042/0.043 0.37/0.39 0.007/0.20+ 
0.032/0.035 0.02/0.04 0.004/0.295 
0.040/0.044 0.35/0.42 0.003/0.105 
0.039 0.32 0.003/0.86 


es by wet or spectrographic analysis. 
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a b c 
FIG 2—Typical appearance of sulphides classified on. the basis of shape. 500 X. 
Slightly reduced in reproduction. 
a. Typel. b. Type II. c. Type III. 
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FIG 3—Typical sulphide inclusions found in Grade B steels with different boron contents. 500 X. 


Calcium is reputedly insoluble in 
steel, and in molten steel, it is above its 
boiling point. Thus, it is under a severe 
handicap at best, but whether it would 
be a deoxidizer if it could be made to 
remain in contact with steel is purely 
hypothetical. Practically, it seems to 
have no deoxidizing effects. 


STRONG DEOXIDIZERS 


Of the elements tried, those which 
accomplished sufficient deoxidation to 
change the type of the sulphide inclu- 
sions were boron, magnesium, titan- 
jum, zirconium, and aluminum. There 
is some doubt regarding the deoxida- 


tion with magnesium as will be 
discussed later. 
816... Metals Transactions, Wol. 185 


Slightly reduced in reproduction. 
a .0.014 pct B. b. 0.034 pct B. e. 0.32 pet. 


Boron 


Boron was added to a carbon steel 
as 18 pct ferroboron. One effect of 
boron was to increase the size of the 
sulphides over those for similar steels 
containing no boron. Steels containing 
0.030 pct boron, or less, were character- 
ized by Type I sulphides and large 
globular silicates. 

The typical sulphide inclusions in 
steels containing 0.034 pct or more of 
boron occurred as thick films in the 
primary grain boundaries. These in- 
clusions have many of the character- 
istics of Type II sulphides in that they 
tend to form intergranular films, and 
yet they differ from those shown in 
Fig 2b in an important respect. Instead 
of being very small and forming a 


fairly continuous network, they are 
concentrated in even larger masses 
than the Type I and therefore will 
be fewer in number and further apart. 
For this reason, they should not 
have the adverse effect on ductility 
that usually is associated with Type II 
inclusions. Typical examples are shown 
in the micrographs of Fig 3. 


Magnesium 


Magnesium is similar to calcium 
in being insoluble in steel and in 
volatility. It also has a similar position 
in the electromotive series. In order to 
add it to steel, it was made up as a mas- 
ter alloy by dissolving it in molten 
75 pet ferrosilicon to a content of 10 
pet. The first such alloy also con- 
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FIG 4—Typical sulphide inclusions found in Grade B steels with different titanium and magnesium additions. 500 X. 


a. 0.003 pct Mg. 


tained 0.76 pct aluminum. When this 
alloy was added in increments to 
steel, the sulphides progressed from 
Type I to Type II and to Type III, 
the last being obtained with a total 
addition of 0.30 pct magnesium. 
Inasmuch as spectrographic analysis 
indicated less than 0.01 pct magnesium 
retained, but an aluminum content of 
0.02 pct, it was considered that the 
latter element was responsible for the 
deoxidation. 

Another series was made, using a 
similar alloy containing but 0.2 pct 
aluminum. The sulphides remained 
Type I up to a total addition of 0.30 
pet. magnesium at which point they 
changed to Type II; they remained 
Type II up to a total addition of 0.5 
pct magnesium. Spectrographic analy- 
sis showed the residual magnesium 
never got higher than 0.003 pct, and 
the aluminum did not exceed 0.005 pct. 
This aluminum was high enough, 
however, to leave doubt as to whether 
the magnesium was effective as a 
deoxidizer. 


Titanium 
Titanium was added to Heat 1674 in 
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6. 0.003 pct Mg, 0.005 pct Al. c. 0.024 pct Ti. 


the form of pure metal pellets placed 
in a hollow tube fastened on a steel 
rod. The tube was plunged into the 
bath of steel where it melted off, and 
the titanium was dissolved. The ti- 
tanium additions were made to the 
furnace in amounts varying from 0.01 
to a total of 0.50 pct; the recoveries 
ranged from 50 to 60 pct. In this series 
of carbon steel castings, the sulphide 
inclusions changed from Type I to 
Type II at about 0.024 pct titanium. 
Film or eutectic sulphides were found 
in all samples containing more than 
this amount of titanium; the last 
ingot showed 0.27 pct titanium by 
analysis. Typical micrographs of ti- 
tanium-bearing steels are shown in 
Fig 4. Data from this series suggest 
that titanium contents in steels should 
be kept below about 0.01 pct in order 
to avoid embrittlement by Type II 
distribution of sulphides. 

In the steels containing compara- 
tively large amounts of titanium, 
the sulphides occurred as extremely 
thin films, their color tending toward 
tan in reflected white light. These 
characteristics of the sulphide inclu- 
sions were noted previously in examin- 
ing a medium-manganese steel with 


d. 0.27 pet Ti. 


0.16 pct titanium which had been 
added as low-carbon ferrotitanium. 
Such sulphides are presumed to con= 
tain a large proportion of titanium 
sulphide. 


Zirconium 


A silicon-zirconium alloy was used 
for adding zirconium to Heat 1998 after 
poor recoveries resulted from using 
pure metal powder in an earlier trial. 
Seventy per cent of the zirconium 
present was reported as being com- 
bined with oxygen when five samples 
were analyzed for both total zirconium 
and acid-soluble zirconium. This is 
puzzling considering that the total 
zirconium contents of these samples 
ranged from 0.01 to 0.32 pct. If the 
proportion of zirconium combined with 
oxygen was actually quite constant. 
it means that the oxygen content of 
the steel increased or that the composi- 
tion of the oxide varied. In any event, 
the analyses agree with the metal- 
lographic examination which showed 
that the quantity of oxide inclusions 
increased with the total zireonium 
contents. 

The micrographs in Fig 5 show the 
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FIG 5—Typical sulphide inclusions found in Grade B steels with different zirconium contents and char- 
acteristic oxides in samples with large amounts of zirconium. 500 X, 


a. 0.01 pet Zr. 


typical appearance of sulphide inclu- 
sions in three castings from the zir- 
conium series. Eutectic film distribu- 
tions existed in samples reported to 
contain 0.005°to 0.026 pct total zir- 
conium. The specimen containing 0.005 
pet total zirconium was found to con- 
tain’ 0.002 pct acid soluble zirconium 
and 0.003 pct was presumed tobe 
present as oxide. Samples containing 
0.03 to approximately 0.07 pct of this 
element were characterized by angular 
sulphides. As illustrated by the micro- 
graphs, the sample containing 0.32 
pct zirconium indicated a reversion to 


film sulphides at high contents of this~ 


element. The fourth micrograph shows 
the inordinate number of oxide inclu- 
sions present in an ingot poured after 
an addition of 0.15 pct zirconium had 
been made to the furnace. Clouds or 
clusters of oxide inclusions have been 
found in many experimental steels 
treated with large quantities of zir- 
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b. 0.03 pct Zr. c. 0.32 pet Zr. 


conium. Such oxide inclusions have 
been determined, by electrolytic ex- 
traction followed by chemical analyses 
and petrographic examination, to be 
mainly zirconium silicate. 


Aluminum 


t .The last eight heats listed in Table 1 
comprise the series made to study the 
effects of aluminum in steels of dif- 
ferent compositions. The samples were 
analyzed for aluminum by three of the 
methods in common use. The first 
eighteen ingots were analyzed by wet 
methods to determine the acid-soluble 
and acid-insoluble (Al,O3) aluminum 
contents, because both fractions: were 
considered important. This practice is 
cumbersome and occasionally gave 
erratic values. The spectrographic 
determination appeared to be much 
more reliable, and it is definitely 
faster and simpler. Only total alu- 


d. Oxides. 


minum is determined in this way, 
however. 

Previous studies have indicated that 
the acid-insoluble aluminum of alu- 
minum deoxidized steels tends to be 
constant, and the present data go far 
to verify this concept. These data for 
thirty samples, listed in Table 2, 
show that even though the total addi- 
tions and the acid-soluble aluminum 
vary widely, the insoluble content 
stays close to the average value of 
0.006 pct. Only three of the values 
varied from the average by more than 
0.002 pct, and one was in a sample 
which contained no acid-soluble alu- 
minum. This is within the range of 
precision of most wet methods of 
analysis. The eight heats from which 
these samples were taken varied in 
composition, but all were poured at 
about the same temperature of 2950°F. 
It appeared justifiable, therefore, to 
consider the insoluble aluminum a 
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Table 2... Results of Aluminum 
Analyses on Test Castings 


Sa. ee 


Table 3... . The Relation Between Content of Deoxidizer and Formation 
of Eutectic Sulphides ; 


are aluminum, zirconium, titanium, 
and boron. None of the others ap- 
parently is a stronger deoxidizer than 
silicon. 
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Aluminum, Pct Heat No. Cc Mn Si Ss 
Heat | Ingot : 
NOR aoe gia £ 
er | ber Acid 1503 0.26 0.64 0.42 
ae Insoluble« | Total? Added ee Wie 
"Total Boron Content..... 0.0005 : 
wis} 1 Beene cous ! Reese 0: 0.006 | 0.014 | 0.023 | 0.032 | 0.041 | 0.058 | 0.062 
3 0.003 0.006 Rcvalpole: Inclusion Type............... I I I I II II II II 
3 | 0.003} 0.006 | 0.009] 0.02 
4 | 0.002 9.006 | 0.008] 0.03 
08 | 0.012| 0.04 
6 | 0.002} 0.006 | 0.008] 0.05 Heat No: ¢ ne Si S P 
7 | 0.023} 0.008 | 0.031] 0.075 
8 | 0.025} 0.004 | 0.029] 0.10 
1279 ? 0.001 0. 004 0.005 io aes 0.26 0.59 0.36 0.039 0.018 
2 | 0.001] 0.005 | 0.006] 0.01 
3 | 0.002] 0.007 | 0.009) 0:02 a 
; oes ee : ae ae Fee oat Content: qccaeeeoee vere. cs 0.015 0.020 0.024 0.037 0.05 
3 | 0.007] 0-006 | 0.013] 0.04. Imelusion Type... oe, II I il 
7 | 0.027} 0.004 | 0.031] 0.075 
8 | 0.041 0.005 | 0.046] 0.10 
2 007 | 0.287] 0.30 i 
1465| 12 | 0.17] 0.005 | 0.175] 0.30 anaes ie via a eo 1 
1502} 10 | 0.13 | 0.006 | 0.136] 0.175 a 
A 1741 0.33 0.62 0.32 0.038 0.011 
A 1998 0.34 0.71 0.30 0.018 0.008 
Acid 
Sol- Total 
uble# Zi canes | 
irconium®* Content)... 2. coe s sees 0 | 0.002 | 0.002 | 0.008 | 0.010 | 0.014 | 0.022 | 0.026 
pee: Tachasion Type)... een nen, Tube II II II II II II 
1999} 5 | 0.018; 0.007 | 0.025] 0.05 
xo eee eons ee Oe * First two are acid-soluble Zr, rest total Zr. 
‘ y R .00 
1743 | 9 | 0.049} 0.010 | 0.059] 0.15 
6 | 0.006/ 0.008 | 0.014] 0.05 BREADS < = = 5 P 
1742| 12 | 0.137} 0.008 | 0.145] 0.30 
1740} 11 | 0.213} 0.007 | 0.220] 0.40 
7 |0.067| 0.006 | 0.073] 0.15 A 1278 0.09 0.41 0.18 0.033 0.017 
3 | 9.025] 0-007 0.033| 0.08 A 1465 0.07 0.63 0.41 0.045 0.011 
14| 0.04 
Avg. 0.0062 é 
Residual Aluminum. .......... 0.002]0.003/0. 004]0. 005/0. 006|0. 008/0. 011]0. 023/0. 024/0. 0250. 037 

aoe residue in wet analysis considered aa ia EN OE a ee 0 ee - : i I t II i Mi i 
Mars Bie: Lee : 

+ Acid-soluble aluminum value from wet LSS USS SEE ae a 
analyses. 

¢ Total aluminum determined by _ spectro- 
graphic analysis. 

@ Calculated from other two results. Heat No c Mn Si 8 P 
constant at 0.006 pct and to simplify A 1279 0.32 0.58 0.29 0.035 0.014 
the determination by wet analysis for ; oie hg wor pee 
soluble aluminum only, or to use the 
spectrographic method and subtract Hesiduel ‘veieom RO ae ee ee ao Pe: | 002 ate | GF | Q.008 Me 

MICIUSION My PC.22 ss see ne ws eee 
0.006 pct from the total. 

In the different heats, residual 
aluminum contents, varying from 0.002 Heat No. Cc Mn - 2 “ 
to 0.005 pct, were required to initiate 
the formation of eutectic sulphides in fa bee a ce” vies ae 
the various steels except for the two 
low-carbon Heats AI278 and AI465. pe a DSR R TOE FoR co) oo es 0 003 | OL0G | 0.014 oe 

3 MICIUGIONN LV Pe fos Methane keane eee SORE OR He 
In these steels, Type I sulphides per- 
sisted with an aluminum content of 
0.008 pct. The Type III, angular Heat No. " wa Bi 5 B 
sulphides, were readily obtained with “el 
oe th 0.30 0.72 0.04 0.033 
‘aluminum contents of about 0.015 pct eee 
or more with all steels except those 

in sili arbon. Residual Aluminum............... 0.002 | 0.009 | 0.015 | 0.027 | 0.035 | 0.066 

very low in silicon or ¢ Tuckeaion "Typere, octye kor ser I II II Wl Il I 
COMPARISON OF DEOXIDIZERS 

. Heat No. c Mn Si s P 

Only those elements which can y 
lower the FeO content enough to cause sais one 4a 0.36 0.041 0.012 
formation of Type II sulphides are A 1999 0.31 1.47 0.32 0.039 0.009 
amenable to comparison by the pres- 
ently proposed method. The elements  posidual Aluminum.............6: 006000: 00e cece 0.002 | 0.003 | 0.004 
tested which fall into this category Inclusion by pes cate ee ne oe nie ie Sms ewe ae ee Il II II 


OSS Oe EEE ee 
representation of the quantity in the 
steel necessary to change the sulphides 
to the Type II. It will be noted that 


The pertinent analytical data for 
the stronger elements are given in 
Table 3; and in Fig 6 there is a graphic 
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FIG 6—Showing relation between content of deoxidizing element 
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(1600°C) for calculated and experimental values. 


Solid lines Chipman’s calculated values. Subscript E refers to present 
experimental work; subscript G refers to Gurry’s calculated values; sub- 


and change to eutectic sulphide. 


for aluminum the change took place 
with a residual content of 0.002 pct for 
three cases, but in the steels containing 
0.07 and 0.09 pct carbon, it required 
about 0.01 pct. In the high-carbon 
steel (0.51 pct C), the transition is a bit 
uncertain, but there was no change at 
0.003 pct aluminum. 

With zirconium, the transition was 
definite at a residual content of 0.002 
pet which places it at least the equal of 
aluminum. In the case of titanium and 
boron, no distinction was made be- 
tween soluble and insoluble portions, 
and the values given are determina- 
tions of total contents. From these it is 
deduced that they are considerably 
weaker than aluminum and zirconium. 

For comparison with calculated 
values, the experimental values for the 
medium carbon steels are superim- 
posed on Chipman’s chart as it ap- 
pears in “Basic Open Hearth Steel- 
making,” 1944, p. 498, in Fig 7. No 
absolute values were obtained in the 
experimental work, and Chipman’s 
value for aluminum was chosen as the 
standard, and the experimental value 
for aluminum made to coincide with 
it. Gurry’s? calculated values for 
aluminum, zirconium, titanium, boron, 
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and vanadium are also plotted as is 
Derge’s‘ experimental value for boron. 
The experimental values for titanium 
and boron are plotted on the basis 
that oxygen level is the same in all 
steels, regardless of deoxidizer, at the 
transition from Type I to Type II 
sulphides. 

It is notable that Gurry’s values for 
aluminum and zirconium have nearly 
the same relation to each other as the 
experimental values, but Gurry’s figure 
for aluminum is much lower than Chip- 
man’s (stronger deoxidizer). The ex- 
perimental value for titanium is lower 
than both Chipman’s and Gurry’s 
calculated values but is quite close to 
the latter. The experimental value for 
boron is definitely higher than either of 
Gurry’s calculated values but also 
much lower than Derge’s experimental 
value. Chipman’s and Gurry’s values 
for vanadium coincide. 


SIGNIFICANCE OF THE ANALYSIS 
FOR ALUMINUM 


One of the difficulties in obtaining 
data on the deoxidation with aluminum 
is that the limit of accuracy for analyti- 
cal methods is reached for the very 


script D refers to Derge’s experimental value. 


low values of aluminum. The values in 
Table 2 were carefully checked by a 
skilled analyst and are believed to be 
accurate within the limits of the 
method used.* The acid-insoluble por- 
tion of the aluminum is generally be- 
lieved to be present as Al,O3, and in 
aluminum deoxidized steels, inclusions 
can be seen which are identifiable as 
Al,O3 and which seem to agree in 
quantity with the analytical results. 

It has been tacitly assumed and 
widely believed that, when aluminum is 
added to steel, part of it is oxidized to 
Al.O3 (the deoxidation reaction), and 
that the solubility of Al,O3 being 
virtually nil, this Al,O; is instantly pre- 
cipitated. Much of it floats to the sur- 
face of the liquid steel, but some of it, 
because of its small particle size, re- 
mains suspended and is trapped when 
the steel freezes. Such a belief appears 
untenable in the face of the presen 
data. 

The constancy of the value for in- 
soluble aluminum in steel, as shown in 
Table 2, has been noted before. Sims 


.*Insoluble aluminum separated by acid 
digestion, fused in potassium bisulphate, dis- 
solved in dilute H2SO., and electrolysed on a 
mercury cathode. The aluminum is precipitated 


from this solution and determined as Al2O3. 
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We 


‘times 


and Dahle? reported somewhat higher 
values. Halley® analyzed some steels 
deoxidized with aluminum in large- 
sized commercial molds and obtained 
results as follow: 


Acid-soluble ALO Insoluble 

Aluminum cl Aluminum 
0.001 0.0005 
0.001 0.008 0.004 
0.009 0.008 0.004 
0.038 0.008 0.004 
0.073 0.010 0.005 
0.169 0.008 0.004 


Wentrup and Hieber® gave analyses of 
40 experimental low-carbon steels de- 
oxidized with aluminum and with 
residual aluminum contents that 
ranged up to 0.83 pct. In 38 of these he 
obtained contents of acid-insoluble alu- 
minum ranging from 0.001 to 0.012 pct 
with an average value of 0.005 pct. 
This is a significant corroboration and 
is considered to verify, first, that the 
insoluble aluminum tends to have a 
constant value and, second, that this 


- value is in the neighborhood of 0.004 


to 0.006 pct. 

The constancy of this Al,0; content 
cannot be accounted for on the basis 
that it was just the residue that failed 
to float out of the steel while it was still 
liquid. The recovery of added alu- 
minum seldom is much higher than 
about 50 pct, and, in the case of a 4 lb 
per ton addition, the oxidized alu- 
minum would be in the amount of 0.2 
pet or thirty times the amount found 
in the solidified steel. If it is all pre- 
cipitated, in varying amounts, why 
should an amount so constant remain 
suspended ? 

It cannot be accounted for as the 
Al,0; that precipitates as a result of the 
shift in equilibrium constant during 
cooling of the steel to the freezing 
temperature, because the amount of 
oxygen involved is upwards of ten 
times the amount available from this 
source on the basis of Chipman’s 
calculated value at 1600°C or thirty 
what Gurry’s value would 
allow, as shown in Fig 7. 

The only logical explanation seems 
to be that the Al,O; found in the solid 


~ gteel was actually in solution in some 


form in the liquid steel and precipitated 
during cooling and freezing. More- 
over, it was a saturated solution in the 
liquid steel which accounted for the 
constancy. All oxide above the satura- 
tion value was precipitated instantly 
and floated out rapidly. The slight dif- 
ference between the average value for 
acid-insoluble aluminum in Table 2 
and Halley’s value could then be due 
to temperature, because. his heats 
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were probably poured at about 2800°F 
(1550°C); whereas, the heats of Table 
2 were poured in the range of 2900 to 
2950°F or a little over 1600°C. The 
solubility would be expected to be 
higher at the higher temperature. 

It still remains to account for this 
solubility in the light of physical- 
chemical concepts. 


A TENTATIVE THEORY ON THE 
DEOXIDATION REACTION AND 
THE FORMATION OF OXIDE 
INCLUSIONS 


A tentative theory to account for the 
presence of the Al,O3 in solidified steel 
proposes that the deoxidizing reaction 
is first of all a homogeneous reaction 
in which the dissolved deoxidizing ele- 
ment “‘“M”’ reacts with dissolved FeO 
in the steel to partition the oxygen and 
to form a monoxide of the deoxidizer. 
The reaction is 


[FeO]_+ [M]'= Fe + [MO} © [1] 


and the equilibrium constant for the 
reaction is 


_ %¥Fe X % MO 9 
-—%FOXx%M FI 


The MO formed has a limited solu- 
bility which varies with the concentra- 
tion of M. Any excess of the MO over 
the solubility limit is quickly precipi- 
tated and rejected to the slag. During, 
or subsequent to, the precipitation, the 
MO disproportionates to form a higher 
oxide by such a reaction as 


2M05 MO,.+ M [3] 
3 MOS M.0O; + M [4] 


Ko 


or 


The disproportionation reaction may 
be simultaneous with the precipitation 
in some cases so that actually no MO 
exists as a separate phase, in which case 
it would be indistinguishable from 
direct precipitation of the higher oxide, 
or, on the other hand, it may be 
delayed in other systems, possibly 
requiring lower temperatures for com- 
pletion. The presence of two oxides in 
the external phase, one of which is also 
in solution, would appear to violate the 
phase rule. For example, in Eq 3 to 5 
above, there are two components and 
two phases which, at constant pressure, 
allow only one degree of freedom. This 
would mean that two solid oxides could 
exist at only one set of conditions (tem- 
perature, pressure, and composition). A 
way to avoid this objection is indicated 
by Willis,” who postulates that oxides in 


contact with molten metals cannot be 
regarded as classic stoichiometric com- 
pounds. For example, Wiistite, ostensi- 
bly FeO, has been found to contain 
too much oxygen for this composition. 
It cannot be regarded as a solid solution 
of Fe,0; in FeO, because in the space 
lattice of the solid, there are no mole- 
cules let alone molecules of Fe.O3. It 
can be regarded only as a nonstoichio- 
metric oxide. It seems possible, there- 
fore, to have an oxide equivalent to 
MO plus M,O3; existing as a non- 
stoichiometric compound. 

The importance of this to the present 
concept seems evident in the following 
quotation from Willis.? ‘‘Since the 
composition of a nonstoichiometric 
compound is dependent on both tem- 
perature and the partial pressure of 
one of the components, any such com- 
pound must be regarded as a two- 
component system, where the classical 
compound of fixed composition repre- 
sents only one component. In equilibria, 
involving variability of composition of 
acompound, an extra degree of freedom 
is introduced above those which would 
be found when the compound is 
counted as a single component.”’ 

Chipman’ has given good evidence 
that oxygen in liquid iron exists as a 
compound having one atom of oxygen, 
which for simplicity is assumed to be 
FeO. Fontana and Chipman? later 
showed that when iron becomes satu- 
rated with FeO, as by cooling or freez- 
ing, FeO is precipitated. As the 
temperature falls, the FeO becomes 
less stable and partially dispropor- 
tionates by the reaction 


4 FeO + Fe30,4 + Fe. (6] 


At any rate, some Fe;0, is produced as 
a separate phase, and some islands of 
Fe can be observed in the Fe;O0,. Al- 
though no deoxidation reaction is in- 
volved, the case is analogous and 
represents a condition in which the 
disproportionation to a higher oxide 
form is not complete even at room 
temperature. 

Zapffe and Sims! contended that SiO 
must play an important part in the 
silicon deoxidation of steel and gave 
some visual evidence that SiO might 
precipitate first and then decompose to 
SiO, plus Si. The disproportion of SiO 
is apparently very fast, however, and 
shows only in rapidly chilled specimens. 
Zapffe! later elaborated this thesis 
with considerable additional evidence. 
He showed, for example, evidence of 
the silicon-enriched concentric envelope 
around the silica inclusion, which 
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Table 3... Limiting Gas Compositions and Oxygen Content in Chromium- 
iron Alloys in Equilibrium with Chromium Refractories, Taken from Table VI 
of Chen and Chipman’! With Calculated Values Showing Partition of 


would be the logical resultant of such 
a reaction. 
In the carbon-oxygen reaction in 


steel, CO is formed and evolved (pre- 
cipitated) as a gas. This gas always 


Oxygen and the Constant for the Homogeneous Equilibrium 


contains an equilibrium content of H:0 Cr, Total Ore, Ocr FeO Cro, K, = CrO X Fe 
A . He pet Oo, pet pet pet pet pet 3 FeO X Cr 
CO, which may be considered to have 
formed by the reaction 0.162 1.0 0.045 | 0.0387 | 0.0061 | 0.174 0.0261 14.8 
0.116 2.0 0. 036 0.0272 0.0088 0.124. 0.0374 14.8 
— 0.081 4.0 0.031 0.0188 0.01 : ; ; 
2 CO COs + C [7] 0.070 5.5 0.030 0.0160 0.0146 0.0720 0.0620 14.8 
; : 0.056 8.0 0.029 0.0124 0.0170 0.0060 0.0722 14.8 
Chen and Chipman! give excellent 0.046 10.0 0.028 | 0.0100 | 0.0175 | 0.0450 | 0.0742 14.8 
: : 0.041 12.0 0.027 0. 0087 0.0187 0.0392 0.0793 14.8 
reasons to believe that, in the Cr-O 0.034 16.0 0.027 0.0069 0.0206 0.0310 0.0878 14.9 
“y2). pinay Sotelo 2 ‘027 0059 0.0220 0.0 : : 
equilibrium in liquid iron, the oxygen 0.029 edd ° y 
is partitioned between FeO and CrO in 
a ratio that varies with Cr content. K [% Cr]? [10] This gives considerable support to the 
eine : A — : 
The only oxide inclusions found in the (Fe|[Cro]! postulate regarding CrO. 


solidified Fe-Cr alloys, however, were 
chromite, FeO Cr.0;, for those alloys 
containing up to 5.5 pet Cr, and 
chromic oxide, Cr.0;, in those of 
higher Cr content. Many of these 
chromite or chromic oxide inclusions 
contained islands of metal in a dendritic 
pattern. This fits very well into the 
picture of CrO precipitating and dis- 
proportionating as 


3 CrOS Cr.0;3 + Cr [8] 


[9] 


but gives no evidence that CrO ever 
existed as a separate phase. 

Zapffe, in discussing the paper by 
Chen and Chipman’s, argued strongly 
for the formation of Cr.O3 by the dis- 
proportionation of CrO, but he made a 
better case in his own paper.?° 

Some evidence for the existence of 
CrO as a separate phase in chromium 
alloys was obtained by Elsea, Wester- 
man, and Manning.!2 High-chromium 
alloys, melted in an argon atmosphere, 
were found to be very high in inclu- 
sions of Cr.03; when beryllia crucibles 
were used. When alumina crucibles 
were used, however, the alloys were 
practically free of oxide inclusions, 
but the crucibles had high contents of 


or 


4 CrO + Fes FeO-Cr.0;3 + 2 Cr 


Since this is a heterogeneous reaction, 
the K, is really a steady state constant, 
but it can be treated as an equilibrium 
constant providing the same standard 
states are used for any given substance 
in all parts of the system. On the 
premise that the concentration of iron 
is nearly constant for such alloys, 
[CrO] content should be approximately 
proportional to the square root of [Cr]. 
For the higher chromium alloys, if CrO 
breaks down to chromic oxide accord- 
ing to Kq 8, then 


— 1% Cr] 


Ka = TCroF 


(11) 


and the concentration of [CrO] should 
vary as the cube root of [Cr]. 

In Table 3 is listed the limiting oxy- 
gen content of alloys, containing up to 
20 pet Cr, which are in equilibrium 
with chromite or chromic oxide at 
1595°C and the gas compositions with 
which they would also be in equilib- 
rium. These values were taken from 
Table 6 of Chen and Chipman.!! In 
addition, values for Ope, Oc, FeO, and 
CrO are given which were calculated 
by the following formulas developed by 
those authors: 


Table 3 also shows that the equilib- 
rium constant for the homogeneous 
equilibrium 

[FeO] + [Cr] = [CrO] + [Fe] [12] 
which is 
K, = [CrO] X [Fe] 

§~ [FeO] X [Cr] 


does not vary in the range 1 to 20 pct 
Cr. It also remains constant when [Cr] 
or total [O] are below the limiting val- 
ues or saturation point. 

This concept does not appear to vio- 
late the heterogeneous equilibrium of 
the chromium-iron alloys with chro- 
mite in one case and with chromic 
oxide in the other, as shown so well by 
Fig 10 of Chen and Chipman.!! These 
higher oxides, or oxides of closely 
similar oxygen contents, furnish the 
oxygen pressure that determines the 
oxygen content of the alloys. 

Abundant evidence has been brought 
forth recently to establish the knowl- 
edge that lower valence compounds of 
aluminum, zirconium, titanium, sili- 
con, and chromium are stable at high 
temperatures under favorable (reduc- 
ing) conditions. The production of 
ductile zirconium and titanium by 


= 148 [13] 


H,0\ % Fe the hot-wire iodide method depends, 
CrO- Al,O3 spinel. The CrO had ob- GA Oe le 0.241 ( H, / 100 in part, on the formation of low- 
viously come out of the alloy as such H.0\ % Cr valence iodides which disproportionate 
and had combined with the alumina at [% Ocr] = 3.79 (78°) 100” to higher valence iodides and metal at 


the high temperature where the CrO is 
more stable. 

Hilty!® has given very convincing 
evidence that in the simultaneous oxi- 
dation of carbon and chromium, from 
an alloy of iron, carbon and chromium, 
the oxides involved in the reaction are 
CO and CrO and that the reaction is 


Cro + CSCr+ CO. 


On the postulate that, in alloys con- 
taining up to 5.5 pet Cr, precipitated 
CrO disproportionates to form chro- 
mite according to Eq 9, then 
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The equation for [% Os.] was devel- 
oped from data obtained on pure iron, 
whereas the formula for [% Oc] was 
obtained by subtracting the first equa- 
tion from one for total oxygen. 

In Fig 8, the values of CrO are 
plotted against the square root of Cr 
contents for alloys containing up to 5.5 
pet Cr and against the cube root of Cr 
content for alloys containing from 5.5 
to 20 pet Cr. It will be noted that 
acceptably straight lines, showing 
direct proportionality, were obtained. 


high temperatures. Aluminum can be 
distilled by heating a mixture of the 
metal and AIF3. The reaction 2Al 
+ AIF; +3 AIF is reversible with 
appropriate changes in temperature 
and the AIF is volatile. The reaction 
Si+ Si0.=SiO is used to produce 
volatile SiO to coat mirrors. When 
present in a slag, TiO, is an excellent 
flux, but under reducing conditions, 
it goes to a lower oxide and produces a 
viscous slag. 

Alumina heated in vacuo at 1800°C 
with metallic silicon was reduced 
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to products identified as SiO and 
(probably) Al,0.13 A100 has been 
identified definitely in the spectrum of 
gases at high temperature.!4 When 
Al.O3 is heated in-vacuo with metallic 
Ti or ZrO, with metallic Al, these re- 
fractory substances are disintegrated 
by the formation of suboxides 


Al,O3 + Tis 2 AlO + TiO 
ZrO, + Als ZrO + AIO. 


Apparently these reactions are typical 
and common. 


THE ALUMINUM-OXYGEN 
EQUILIBRIUM 


Evidence has been given to the 
effect that the alumina* found in 
solidified steels, which have had at 
least a short interval of time in the 
liquid state after deoxidation, repre- 
sents material that was in solution 
while the steel was molten, and that the 
oxygen in this alumina far exceeds that 
permitted by the calculated deoxida- 
tion constants. The difference seems 
to be something more than experi- 
mental error. 

To obtain further data, specimens 
having a wide variation in residual 
aluminum content were selected from 
those shown in Table 2 and were 
analyzed for total oxygen by the vac- 
uum fusion analysis method, using a 
technique which has been shown to 
have a precision of +0.0004 pct QO». 
The results are shown in Table 4. 


Table 4... Specimens Selected 
for Determination of Total Oxygen 
by Vacuum Fusion. The Corrected 
Value for Acid-insoluble Aluminum 
is Based on the Belief that the 
Average Value for this Constituent 
Shown in Table 2 is More Reliable 
than Individual Determinations. 
The Analyses for Oxygen are 
Typical of Many which Have Been 

_ Made on Aluminum Deoxidized 
Steels 


Insoluble 
Sample | Acid- Aluminum 
Number | Soluble Total 
Alumi- | Oxygen 
num ‘| Anal- Cor- 
yzed rected 
1279-1* 0.001 0.004] ..... 0.019 
1279-3 0.002 0.007 0.006 0.008 
1279-5 0.007 0.006 0.006 0.006 
1279-6 0.015 0.004 0.006 0.005 
1279-7 0.027 0.004 0.006 0.005 
1279-8 0.041 0.005°| 0.006 0.005 
1502-10 0.13 0.006 0.006 0.005 
1465-12 0.17 0.005 0.006 0.005 
1279-9 0.28 0.007 |. 0.006 0.005 


* No Al added. 


* This does not, naturally, include those streaks 
of aluminous inclusions found near the surface 
of ingots and which usually represent occluded 
scum. 
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Most outstanding is the fact that 
total oxygen decreases with increasing 
residual aluminum but only to a mini- 
mum value of 0.005 pct. For 0.006 pct 
Al as Al.O3, the stoichiometric value 
for oxygen would be 0.0053 pct which 
is well within the precision of the 
analytical methods. Thus, it appears 
that practically all of the oxygen is 
present as Al.O; in solid steels con- 
taining as much as 0.015 pct residual 
Al. With contents of 0.007 pct residual 
Al, there is presumably some oxygen 
present as FeO. 

According to this new concept, the 
deoxidation reaction is 


[FeO] + [Al] = [A10] + [Fe]. 
Any AIO in excess of the solubility 
for the temperature is precipitated and 
disproportionates as 


3 AlOS Al,O; + Al 
or 
Fe + 4 AlO 
= FeO-Al,0; + 2 Al. 


This material quickly rises out of liquid 
steel. The soluble portion of the AlO 
precipitates during cooling and freez- 
ing and forms the familiar inclusions 
found in aluminum deoxidized steels. 

The apparent constancy of Al,O; in 
the solid steel, which infers a similar 
constancy of AlO in the liquid steel, 
would seem to violate the theory ex- 
pounded on page 821, which stipulates 
that AlO should vary as some function 
of the Al content. The typical deoxida- 
tion curve (oxygen vs. deoxidizer), 
however, is roughly an hyperbola and, 
after a certain content of deoxidizer is 
reached, the curve becomes nearly 
horizontal. With such a strong de- 
oxidizer as aluminum, this nearly 
horizontal portion is quickly reached. 
Here the bulk of the oxygen is present 
as Al.O3, and although the content. is 
theoretically not constant, the varia- 
tion is too slight to be detected by 
present analytical procedures and, for 
purposes of calculation it may be con- 
sidered constant without introducing a 
significant error. 

The equilibrium constant can be 
expressed as 


[FeO] X [Al] _ 
Those eee | 
but since the [AlO] and Fe are nearly 
constant for a wide range of aluminum 
contents, it may be simplified to 


[FeO] x [Al] = K. [14] 


The constant quantity of 0.006 pct 
acid-insoluble aluminum can be calcu- 


lated to 0.0143 pct AIO in the liquid 
steel. This would liberate 0.003 pct Al, 
most of which should be available as 
acid soluble, when it goes to the higher 
oxide form. 

Using the meager data of Table 4, 
the values for Sample 1279-5 give 
[Oreo] = [O7] — [Oaio] 


= 0.006 — 0.0053 = 0.0007 pet [15] 
[FeO] = 0.00315 pct [16] 

*[Alnp] = Als — Alz 
— 0.007 — 0.003 = 0.004 pct [17] 
K = [FeO] X [Al] = 0.00315 x 0.004 
=1,26 < 10-5; (£3) 


The best test for this constant is to 
see whether it can predict other 
conditions. In the case of Sample 
1279-3, if the values 0.006 pct for 
insoluble AJ and 0.008 pct for total O, 
are used with this value of K to calcu- 
late the residual Al, the figure of 0.004 
is obtained compared with the analyzed 
value of 0.002 pct. For Sample 1279-6, 
if the values 0.006 pct for insoluble Al 
and 0.015 pct for soluble Al are used to 
calculate the oxygen present as FeO, 
the figure 0.00022 pct is obtained. This 
gives a total oxygen of 0.00552 pct as 
compared with the analytical value of 
0.005 pct. The coincidence of the 
calculated and analyzed values is 
well within the limits of precision of 
the analytical methods. The quantities 
of FeO become unmeasurably small 
for still higher aluminum contents. 

Because of the obvious limitations of 
analytical accuracy in this range, the 
deoxidation constant for aluminum 
cannot be regarded as highly accurate. 
The 1.26 calculated might be as low as 
0.5 or as high as 2.5, but it is believed 
to be in the correct degree of magnitude. 
Total oxygen, for any given residual 
aluminum content, calculated from this 
constant, falls very close to analytical 
results, in contrast to previously calcu- 
lated values for the deoxidation con- 
stant, as shown above. 


THE ZIRCONIUM-OXYGEN 
EQUILIBRIUM 


Data were given earlier (p. 817) to 
indicate that, in a steel deoxidized with 
silicon and zirconium, approximately 
70 pct of the zirconium was present in 
acid-insoluble form. This was true over 
a range of total zirconium from 0.01 to 
0.32 pct. If it be assumed that the 
insoluble zirconium represents oxi- 
dized zirconium (the nonmetallic inclu- 
sions seemed to be largely zirconium 
silicate), then it must be presumed that 


* R = residual Al in liquid steel 
S = acid soluble 
L = liberated by disproportionation 
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some form of zirconium oxide, proba- 
bly ZrO, has a high solubility in liquid 
steel and that this solubility varies 
with the content of residual or unoxi- 
dized zirconium. Tentatively, at least, 
this fits in very well with the presently 
postulated theory. 


NOTES ON THE CHROMIUM- 
OXYGEN EQUILIBRIUM 


When chromium is used as a de- 
oxidizer, some chromium oxide will be 
precipitated, leaving some CrO in solu- 
tion. The metal will, of course, be in 
equilibrium with the precipitated oxide 
and the values of dissolved CrO (when 
at 1595°C) can be taken from the 
curves of Fig 8. From these the follow- 
ing constants are obtained: 

For contents up to 5.5 pet Cr 


(% Cr)” 


Kine ee Gah 38.4 
[CrO] = a = 0.026 (% Cr)¥ 


For contents of 5.5 to 20 pet Cr 


¥% 
KG = ae = 29.0 
ey 
[CrO] = “or = 0.0345 (% Cr). 


By substituting the value for [CrO] 
in the equation 


[CrO] < Fe 
[FeO] X [Cr] 


the [FeO] content may be calculated. 
The total oxygen is then readily 
obtained. 

It will be noted here that no ac- 
tivity coefficients are used and that 
all components are assumed to have 
an aetivity proportional to concentra- 
tion. This illustrates the postulate of 
some physical chemists who contend 
that most materials at very high 
temperatures have activities propor- 
tional to their concentration and 
that, if the correct chemical species 
are known and used, activity coeffi- 
cients, which are really correction fac- 
tors, are unnecessary. 

Very pertinent to the foregoing dis- 
cussion is the fact that the data for 
[O;.] also represent the activity of oxy- 
gen in the iron-chromium alloys, or 
ado = [Og.]. The activity coefficients 
reported by Chen and Chipman!! may 
be obtained as the ratio of [O,.] to 


total [0] or oe ae 


Summary 


In experimental work to test the 
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deoxidizing powers of commonly avail- 
able elements, manganese, vanadium, 
and calcium were found to be no 
stronger than silicon. None of these 
is able to reduce the FeO content of 
steel sufficiently to form No. II type 
sulphides. Magnesium is somewhat 
doubtful but is disqualified as a de- 
oxidizer from a practical standpoint. 

Aluminum, zirconium, titanium, and 
boron all are capable of producing No. 
II type sulphides. On a comparison 
basis, aluminum and zirconium seem 
to be about equal and are the strong- 
est deoxidizers of the elements tested. 
Titanium is next, though considerably 
weaker, while boron is not quite as good 
as titanium. 

Alumina (acid-insoluble aluminum) 
was found to be quite constant in car- 
bon steel for a wide range of residual 
aluminum contents. This is explained 
on the postulate that it was in solution 
in the molten steel as AlO, which pre- 
cipitated and disproportionated to 
Al,O3 + Al during freezing. 

The theory that deoxidation is pri- 
marily a homogeneous reaction involv- 
ing monoxides of Fe and the deoxidiz- 
ing element is expounded. Oxides above 
the solubility limit precipitate and dis- 
proportionate to higher valence oxides. 

By use of the proper chemical species 
in deoxidation, equilibrizm constants 
may be obtained which are independent 
of activity coefficients. 
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DISCUSSION 


J. CHIPMAN *—This paper describes 
the use of a new kind of indicator for 
studying the relative deoxidizing powers 
of several elements used in the deoxida- 
tion of steel. This is a very clever device 
and the results are interesting and possi- 
bly useful. The experimental method de- 
serves careful scrutiny in order that there 
may be no uncertainty about what the 
indicator indicates. Molten steel, appar- 
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ently at 2900-2950°F in a basic-lined 
induction furnace, is deoxidized first with 
manganese and silicon and then with 
small increments of other deoxidizers. 
After each addition a 3-in. ingot is cast 
in a sand mold. The shape of the sulphide 
inclusions therein undergoes a sharp 
change with a critical amount of each of 
several deoxidizers and it is assumed that 
this change corresponds in each case to 
the same degree of deoxidation of the 
melt. 

Two limitations on the use of this indi- 
cator must be recognized. The first is 
that, in order for this indicator to indicate 
the same degree of deoxidation with dif- 
ferent deoxidizing elements, the composi- 
tion of the indicator must be independent 
of the kind of deoxidizer used. Our pres- 
ent lack of information on the constitu- 
tion of sulphide inclusions should caution 
us not to consider the indicator as an 
exact criterion of deoxidation but rather 
as a potentially useful approximation. 

The second limitation arises from the 
fact that the sulphide inclusions are 
formed during the solidification of the 
metal, and the indicator can therefore be 
applied only to the condition of the metal 
during solidification. This means that its 
results should be compared not at 1600°C 
but in the freezing range, which is, of 
course, the condition of greater practical 
importance. This is a point which the 
authors have apparently overlooked and 
it deserves considerable emphasis. The 
degree of deoxidation indicated is not 
that in the furnace but rather that in the 
ingot during solidification. The amount 
of deoxidizer which must be added to the 
melt in the furnace must be large enough 
to react not only with the oxygen present 
but also with any additional oxygen 
which may be absorbed during pouring. 
If the solubility of the deoxidizer in the 
melt is very small it may be impossible to 
add enough of it in the furnace to main- 
tain a high degree of deoxidation in the 
ingot. The solubilities of both magnesium 
and calcium in liquid steel are known to 
be very small and it seems evident that 
the results reported for these two ele- 
ments have no bearing whatever upon 
their deoxidizing power. It is true that 
ways and means for utilizing the strong 
deoxidizing powers of these gaseous ele- 
ments have not been developed, but the 
only contribution which the authors have 
~ made to this problem is another method 
to be avoided. 

The validity of the experimental work 
on deoxidation with aluminum, like all 
previous attempts to study this reaction, 
is heavily dependent upon the accuracy 
of the analytical methods. When dealing 
with aluminum contents of the order of 


NOVEMBER 1949 


0.006 pct, one must inquire diligently 
regarding the details of the method as 
well as possible interferences of such ele- 
ments as carbon and nitrogen. Moreover, 
the assumed constancy of insoluble 
aluminum upon which so much argument 
is based seems hardly to be supported by 
the cited work of Wentrup and Hieber. 
Their acid-insoluble aluminum ranging 
from 0.001 to 0.012 pct (a twelve-fold 
range) can scarcely be considered a “‘sig- 
nificant corroboration” of this supposed 
constancy. 

With regard to the theoretical sections 
of this paper, perhaps it will be sufficient 
here to record complete disagreement. 


C. E. SIMS (authors’ reply)—We con- 
cur with Dr. Chipman in pointing out the 
limitations of the deoxidation indicator 
used in this study. For example: at best, 
it is useful to indicate only one degree of 
deoxidation, that at which Type II sul- 
phides first form. It is also limited to 
those deoxidizers substantially stronger 
than silicon; the others are merely 
lumped in the class of weak deoxidizers. 

Its usefulness may be illustrated by 
the fact that it places vanadium very 
definitely among the weak deoxidizers, 
whereas, until recently, it has been 
widely regarded as a powerful deoxidizer. 
Statements in reference books and earlier 
thermodynamic calculations fostered this 
opinion. 

The first limitation set by Chipman 
does not appear serious. The fact that the 
change from large globular to fine eutectic 
sulphides occurs at such low concentra- 
tions of deoxidizers, 0.002 pct for Al or 
Zr, makes it quite unlikely that these 
elements could materially alter the com- 
position of the sulphides. It is quite ob- 
vious, on the other hand, that, at higher 
concentrations, sulphides of the deoxi- 
dizers do form. 

In regard to Chipman’s second limita- 
tion, it is emphasized again that the pri- 
mary objective was a comparison of 
deoxidizers. The deoxidation was carried 
out at a nearly constant temperature of 
1600°C. After that, the heats were held a 
standard time of 45 sec and poured di- 
rectly into the mold with minimum 
exposure to air. Obviously, in all experi- 
mental work at high temperatures, the 
specimens must be solidified and cooled 
before they can be examined or analyzed 
and some conditions change during that 
operation. In the present case, the sul- 
phides form during solidification, but it is 
postulated that the form they take is a 
direct result of the deoxidation that oc- 
curred at the holding temperature of 
1600°C. When a different amount of 
deoxidizer was added, a different result 


was obtained. Because of the conditions 
of handling, it is believed that very little 
change took place in the content of resi- 
dual deoxidizer during pouring and solidi- 
fication. This is attested by the constancy 
of the alumina content. 

The difficulties of using such volatile 
and insoluble elements as calcium and 
magnesium as deoxidizers for steel were 
pointed out in the paper. Perhaps they 
did not have a fair chance to show their 
powers, although they were used in the 
customary manner, and perhaps they are 
strong deoxidizers as Chipman main- 
tains, but what is the evidence? In an-. 
other test, calcium vapor was bubbled 
through a rimming-type stecl for a pro- 
tracted period without showing any evi- 
dence of deoxidation. Although suitable 
under strongly oxidizing conditions, 
magnesia crucibles have been found un- 
suited to experimental work with steel 
under reducing conditions because the 
magnesia was reduced and volatilized. 
Alumina under the same conditions was 
quite satisfactory. 

It is readily conceded that the present 
wet methods of determining Al in steel 
leave something to be desired. The 
method used is one generally approved by 
metallurgical laboratories. Carbon and 
nitrogen apparently do not interfere be- 
cause the carbides and nitrides of alumi- 
num are readily soluble in acid. The 
analyses reported by Wentrop and 
Hieber, taken by themselves, would have 
no significance. Although they do have 
considerable scatter, they lend some sup- 
port to other, more consistent analyses. 


~ Because of the analytical difficulties and 


very low concentration, a “‘twelvefold”’ 
variation is actually not too bad from an 
analytical standpoint, and, of course, 
most of the results were much closer to 
the average value. As pointed out in the 
paper, even the highest results of 0.012 
pct represent only a small fraction of the 
total aluminum that was oxidized when 
aluminum was added. 

In regard to the theoretical sections of 
the paper, it was fully anticipated that 
there would be considerable disagree- 
ment, but that alone was not a deterrent. 
The theory is an attempt to explain ob- 
served phenomena not covered by previ- 
ous theories, but it should not be accepted 
without critical examination. The alterna- 
tive seems to be to fall back on assertions 
that the oxygen content of liquid steel has 
a low activity because of some vague in- 
teratomic attractions and the use of a 
‘fudge factor”’ called an activity coeffi- 
cient, when making calculations. The 
present theory is immature, but, until it 
is disqualified, it appears to have the ad- 
vantages of simplicity and workability. 
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Tracer Study of Sulphur in the Coke Oven 


By S. E. EATON, R. W. HYDE, and B. S. OLD 


DISCUSSION 
(George McMeans presiding) 


G. McMEANS*—This paper is a very 
good demonstration of the use of a new 
tool for the solution of industrial prob- 
lems of a physical nature. To have solved 
this problem without the use of radio- 
active tracers would have required a far 
greater amount of investigation and 
work. The authors have described their 
work in such detail and in such a manner 
as to suggest the possibilities of the use 
of such tracer studies in the solution of 
many perplexing problems of industry. 


R. E. BREWER}{—The authors are to 


* General Superintendent, Iron and Steel Div., 
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be congratulated on this very excellent 
paper, which describes the results ob- 
tained by utilizing radioactive tracers in 
investigating the complicated reactions 
in the coking process. The paper has 
especial merit because the study was 
made under typical operating conditions 
in a commercial coke oven. Considering 
all the difficulties involved, the results 


obtained are excellent. My brief com- 


ments will relate primarily to the method 
used for determining the sulphur in the 
gas and to the value of the data obtained 
in stimulating further research. 

In discussing their results, the authors 
state (p. 17) that “‘Of the total sulphur 
charged to the oven in the coal 95 pct 
was accounted for in the coke and gas. 
Most of the sulphur unaccounted for is 
believed to have been lost in the gas, 
since the gas sampling system removed all 


the H.S but probably only part of the 
organic sulphur compounds present in the 
gas. Although sulphur in the acid-insolu- 
ble tar residue in the gas scrubbing bot- 
tles was determined and added to the 
total sulphur determination of each sam- 
ple, it is doubtful whether an aliquot 
portion of tar for each sample was ob- 
tained.”” The reviewer believes that the 
authors might have obtained a better 
sulphur balance had they used an im- 
proved procedure for determining sulphur 
in the gas. 

The absorption train should have in- 
cluded a trap to remove the tar and am- 
moniacal liquor and a wash _ bottle 
containing 5 pct sulphuric acid to remove 
ammonia in the coke-oven gas before it 
entered the gas scrubbing bottles con- 
taining the ammoniacal cadmium chlor- 
ide solution. Sulphur in the tar and 
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liquor could then be determined directly; 
and, at the same time, contamination of 
the precipitate by tar in the gas scrubbing 
bottles would be avoided. Ammonia in 
the gas should be removed to avoid in- 
creasing the alkalinity of the ammoniacal 
cadmium chloride solution, with conse- 
quent possible solution of part of the 
cadmium sulphide precipitate. 

The authors have assumed that all of 
the dry, purified precipitate is cadmium 
sulphide from which they have calculated 
elemental sulphur. In addition to cad- 
mium sulphide formed from the hydrogen 
sulphide, ammoniacal cadmium chloride 
solution also precipitates mercaptans as 
cadmium mercaptides and some of the 
carbon disulphide after partial hydrolysis 
as cadmium sulphide. Since the per- 
centages of sulphur in cadmium sulphide 
and in cadmium mercaptide (ethyl 
mercaptide) are 22.2 and 27.3, respec- 
tively, calculation of the elemental sul- 
phur from cadmium sulphide alone would 
be in error. Granting that the amount of 
elemental sulphur might thus be re- 
ported somewhat high, the higher value 
has not compensated for the remaining 
sulphur in other organic sulphur com- 
pounds that may have been present and 
were not precipitated either as cadmium 
sulphide or as cadmium mercaptide. The 
gas-sampling system used must therefore 
have removed “‘only part of the organic 
sulphur compounds present in the gas.” 
However, since the total sulphur present 
in the organic sulphur compounds—such 
as mercaptans (ethyl and methyl), thio- 
phene and its homologs, carbon disul- 
phide, carbon oxysulphide, thio ethers, 
and alkyl disulphides—in coke-oven gas 
is small as compared to the sulphur in 
hydrogen sulphide, the total error in 
assuming that all of the sulphur is pre- 
cipitated as cadmium sulphide would be 
small. A more elaborate gas-sampling 
system using more specific reagents in the 
absorption train to insure complete 
removal of all of the sulphur in the gas 
and additional laboratory analyses to 
determine the sulphur absorbed by each 
of the various reagents would, no doubt, 
afford a better sulphur balance. The ad- 
ditional labor and cost of introducing 
these refinements, however, to determine 
the 5.2 pct of unaccounted for total sul- 
phur might not be justified in routine 
operations. 

Fig 8 shows the percentage of sulphur 
content of coke-oven gas originating from 
the pyritic sulphur of the coal increases 
markedly between the 4th and 12th hours 
of the coking period. On the other hand, 
Fig 9 shows that the sulphur content of 
the gas originating from the organic and 
sulphate sulphur of the coal drops stead- 
ily after the 4th hour. These observations 
emphasize the need for coking coals of 
low pyritic sulphur content and should 
stimulate new developments in more 
effective coal-cleaning methods. Organic 
sulphur in coal cannot be satisfactorily 
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removed by present methods, but if it is 
not too large in amount it may be 
tolerated if the pyritic sulphur is small. 

The authors have made a valuable con- 
tribution to the knowledge of the coking 
process. Their paper serves as an excellent 
guide for determining the principal 
sources of sulphur in coke. The results of 
this study should stimulate intensive 
research in the developments of methods 
for (1) reducing both inorganic and or- 
ganic sulphur in the coal charge, (2) 
converting larger proportions of the coal 
sulphur into volatile products during 
coking with resulting lower sulphur in the 
coke, and (3) treating the coke itself to 
reduce its sulphur content. 

(Attention is called to the following 
misprints in the text of the paper: 

“Ind.” in table on p. 4 must mean 
Allegheny Co., Pa. 

“*24,198”’ in line 25, p. 6, should read 
“24,188.” 

Sum of values in columns 3 and 4, 
Table 5, p. 12, for 2d, 5th, and 12th hr 
do not give the corresponding present 
values in column 5 of this table. After 
correction, the sum of all values in col- 
umn 5 will be 60.5 lb or 24.6 pct of the 
total sulphur. This slightly higher value 
for sulphur in the gas, if used, will favor 
the sulphur balance: Table 6, p. 12; line 
1, p. 13; and Table 8, p. 14.). 


C. WAGGONER*—The use of a new 
tool is very enlightening to us who have 
had mixed feelings toward and recognize 
the need for collaboration about things 
like sulphur. I still ask this question. 
The authors talk about migration and 
say that it is a reasonable assumption 
that radioactive pyrites behave identi- 
cally with the natural pyrites and then in 
the conclusion the results indicate that 
there is a migration. I would like to ask 
is that a migration of sulphur or is it 
merely a migration of radioactivity? 


J. DASHER{—The radioactive sul- 
phur. Sulphur 35 will not make any other 
sulphur atom radioactive. The element 
that is radioactive will remain so until 
it changes into chlorine, so the activity 
measured in the organic and the calcium 
sulphide form in the coke shows that the 
sulphur atoms present in that form in 
the coke were originally present in the 
pyrite, and there is no conversion of 
radioactivity. The atom itself is tagged. 


Cc. WAGGONER—Before we can use 
a tool we must know a little bit more 
about it and I was interested in one other 
part of the paper that dealt with the 
background of radioactivity. If we are to 
tag atoms those tagged atoms may cause 
us trouble later in our product. We can 
easily calculate at what period of time it 
would approach the background radio- 
activity, is that proper? 


* General Superintendent, Geneva Steel, 
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J. DASHER—Yes. 


C. WAGGONER—And are we right 
in assuming that if we got reasonably 
close to that there would be no danger 
from action of radioactivity? I am not 
thinking about action on the person such 
as you described—the skin of a person 
would stop this activity—but I am think- 
ing about, say, photographic plates. 


J. DASHER—The activity from the 
sulphur in this experiment would be in- 
sufficient to affect a photographic plate. 


C. WAGGONER—Will the detail of 
the experiment be printed? 


J. DASHER—The paper was pub- 
lished. The analytical method in detail 
will be published. 


C. WAGGONER—That will be excel- 
lent because I am sure it will answer a lot 
of questions that we who are confronted 
with problems of this kind will have to 
discuss with someone intelligently. I think 
the authors have made a real contribution 
to the methods of analyzing steel, and I 
only wish that we were more able to take 
advantage of it. 


R. W. CAMPBELL*—The authors 
are to be congratulated on the presenta- 
tion of an excellent paper and the devel- 
opment of a new and unique method in 
investigating the complicated reactions 
in the coking process. The results of this 
first large scale tracer study stress the 
value of the use of radioactive isotopes 
in the study of process metallurgy and 
will probably stimulate further work 
where similar approach would be neces- 
sary to gain the goal desired. 

The rapidity of depletion of low sul- 
phur coking coals and the advent of 100 
pet mechanized coal mining in certain 
mining districts of the United States have 
given the steel industry a very perplexing 
problem to solve in order to obtain low 
sulphur metallurgical coke. The pyritic 
sulphur, with the exception of the very 
fine sizes, can be successfully removed in 
a modern coal washing plant, but the 
organic sulphur remains untouched, and 
it is this form of sulphur which the scien- 
tists should try to reduce in an economi- 
cal way. 

The Republic Steel Corporation was 
interested in finding out which one of the 
two major forms of sulphur in coal, 
namely, pyritic and organic, contributed 
the greater portion of the sulphur in the 
coke. Since, however, considerable quan- 
tities of sulphur are present in coke oven 
gas it was thought that if it could be 
shown definitely that the major part of 
the sulphur in coke originates from only 
one of the major forms of sulphur in the 
coal it would be possible to select types 
of coal which, although high in total 
sulphur, still would yield coke of fairly 
low sulphur content. This problem 
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seemed to be suited for study using Table9 .. . Distribution of Sulphur in Coal, Coke and Products of Distillation 
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while employing full-scale coking con. 2 EE EEE 
ditions, and this certainly has been ac- Forms of Sulpbur in Raw Coal Distribution of Sulphur of Coal in Products of 
complished by the authors. Deellaticn: 
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curies per g. Due to high dilution factor 
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ground reading without sample. Ga A eo ienod eek 
: aeeaO! t 
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found that 40+ 2 pct of the total sul- 
phur in both the resulting coke and gas 
evolved had pyritic origin. Thus neither 
of the two main forms of sulphur in coal, 
pyritic and organic, is removed preferen- 
tially during coking. Employing present 
coking methods there would be no ad- 
vantage in choosing coal for its high or 
low pyritic or organic sulphur content. 

Ferrous sulphite and carbon-sulphur 
complex forms represent all the sulphur 
in coke under high temperature and 
reducing conditions, as in the coke oven. 
After coke is pushed, some of the ferrous 
sulphite oxidizes. to free sulphur and 0 8 16 24 32 40 46 56 
sulphates. However, in the top of the ) par emi 
blast furnace, where high temperatures 
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and reducing conditions again prevail, FIG 13—Coal and coke sulphur relationships. 
the free sulphur and sulphates revert to Me Oe ane of sulphur content of coke to sulphur content 
cae : of coal. 
the original ferrous sulphite. : B (right)—Sulphur content of coke, expressed on basis of original 
The authors conclude that in order to coal, as function of total sulphur content of coal. 


produce low sulphur coke, coals low in 
initial sulphur must be used and that in 
view of the large initial evolution of or- 
ganic sulphur observed in the experiment, 
coals containing large amounts of organic 
sulphur and small amounts of pyritic 


might be coked for a slightly shorter time FURNACE GAS 

to produce coke containing a given per- FURNACE caxe] Gere 

centage of sulphur. Coals high in pyritic Parken 

sulphur would have to be coked for a 98.16% OF TOTAL 

slightly longer period of time to obtain 

the same results. oe 

% : ee, IRON ORE Bene 
Their conclusions on the possibility of Gor% Sut.) 
. A +33 LBS, SUL. 

helping the coke sulphur situation by con- 2.26% OF TOTAL FURNACE 

trolling the coking time, depending on the ee were 
types of sulphur present in the coal —— Sees 

. . ° N 

charge, is very interesting and should be (oa SUL) 

studied further. It must be remembered, Cnt gh tas PIG IRON 

however, that the physical quality of the td 


3.83% OF TOTAL 


coke has always been the determining 

factor governing the coking time. 

Without trying to detract in any way FIG 14—Sulphur distribution in the blast furnace per net ton 
from the excellent work done by the au- of pig iron. 
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thors in their elaborate and excellent 
study of sulphur, it is interesting to 
quote the conclusions of two earlier ex- 
perimenters in the same field: 

Dr. A. R. Powell (1920)!4—“The total 
sulphur of the coal is the most important 
factor affecting the sulphur content of 
the coke and the relative amount of sul- 
phur forms does not affect it materially. 
Certain other factors, particularly the 
nature of the coal, vary the amount of 
sulphur in the coke to a limited extent.’’ 

Gilbert Thiessen (1935)!5—‘“The sul- 
phur in coke is derived from both organic 
and pyritic sulphur in the coal, approxi- 
mately 45 pct of the organic sulphur and 
60 pct of the pyritic sulphur remain in the 
coke. 

“Because the proportions of the organic 
and the pyritic sulphur which remain in 
the coke are of the same magnitude, the 
sulphur content of the coke is for practi- 
cal purposes directly proportional to the 
total sulphur content of the coal. Ap- 
proximately half of the sulphur in the 
coal remains in the coke. Because of the 
loss of volatile matter, the amount of 
sulphur in the coke is about 80 pct of the 
percentage of the sulphur in the coal 
from which the coke was made. Iron 
compounds other than pyrites in the coal, 
arising from infiltration or from oxidation 
of pyrites, increase the retention of 
sulphur in the coke.” 

Fig 13 presents two curves from the 
experimental work of Gilbert Thiessen 
and shows; “A—Relation of Sulphur 
Content of Coke to Sulphur Content of 
Coal”? and ‘‘B—Sulphur Content of 
Coke, Expressed on Basis of Original 
Coal, as Function of Total Sulphur 
Content of Coal.” 

Table 9 is a tabulation of some of the 
experimental work done at our Pitts- 
burgh By-Product Coke Plant. 

Fig 14 clearly indicates that 95.76 pct 
of the total sulphur in the burden is con- 
tributed by the coke containing 0.94 pct 
sulphur. 


E. J. GARDNER*—The authors are 
to be commended for their careful prepa- 
ration of an interesting and informative 
paper on the use of radioactive tracers 
to determine the distribution of the 
pyritic and organic sulphur in the car- 
bonization of coal for the production of 
high temperature coke. 

The gas evaluation curves, sulphur bal- 
ance data on the plant scale test run, and 
- the schematic flow of sulphur in a coke 
oven diagram, wherein the course of the 
pyritic sulphur is traced in order to deter- 
mine quantitatively the amount evolved 
in the gas and the amount remaining in 
the coke, form an important contribution 
to our knowledge of the behavior of sul- 
phur in the coking process. 


144A. R. Powell: Jnl. Ind. Eng. Chem. (1920) 


12, 1069. 
is Gilbert Thiessen: Jnl. Ind. Eng. Chem. 


(1935) 27, 473. 
* Superintendent, Blast Furnace and Coke 
Dept., Inland Steel Co., East Chicago, Ind. 
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Table 10—Inland Steel Co. Coal and Coke Analyses and Yields 


June 1941 Dec. 1948 ; 
Pct P | 
s Pet || Pct | Pct 1-3") Pet | Pet | Pct 
Mix | Ash | Sulph} Yield Mix Ash | Sulph | Yield 
Rocahontasmene ted sss Se ele oll 285. 5.70 | 0.60 
Wheelwright Slack................ 1! 40 | 4.05 | 0.74 48 a . 8G 
Wheelwright iene ae eae 25 | 2.00 | 0.66 20 4.10 | 0.80 
AS POTTS oh etn ae ee ; 4.00 | 0.67 7.40 | 0.83 : 
Furece (CO2G,.0°3 Maen ee ee 5.35 | 0.58 | 68.8 10.20 | 0.70 | 68.1 
PN en cs 5.50 | 0.57 | 2.3 975 | 0.69 | 1.9 
Eat OMe I en ek 9.00 | 0.61 | 2.7 15.40 | 0.76 | 4.0 
ae a [| ee ec 


Percent sulphur reduction during the carbonization of coal for the production of coke. 


1941 1948 
Pct Sulph. Yield Sulph. Yield 
Furnace coke..... X 0.688 = 0.399 0.70 X 0.681 = 0.477 
Domestic bs, avanmten an 0.57 X 0.023 = 0.013 0.69 X 0.019 = 0.013 
Brarzenon, a ee X 0.027 = 0.016 0.76 K 0.040 = 0.030 
0.428 
0.428 Shouse pata 
0.67 X 100 = 63.9 pct sulphur left in 0.83 xX 100 = 62.6 pct sulphur left in 


coke 


coke 


At the Inland Steel Co., we also are 
concerned at the decrease in the quality 
of our high volatile—Elkhorn Seam— 
slack coal as regards ash and sulphur 
content. When our Wheelwright mine, 
because of the demand for increased pro- 
duction for the war emergency, went from 
the customary practice of careful prepa- 
ration of the coal at the face, followed 
by hand loading of the coal into the mine 
cars, to the present practice of machine 
loading, the ash and sulphur content in- 
creased from 4.05 and 0.74 pct in June, 
1941, to 9.00 and 0.96 pct respectively in 
Dec., 1948. 

The increase in ash and sulphur in our 
coal blend produced furnace coke with 
inferior chemical and physical properties 
and resulted in a decrease in the quality 
and the iron tonnage obtained from our 
blast furnaces. 

In order to overcome the adverse ef- 
fects of mechanical loading on the ash 
and sulphur content of our high volatile 
coal, we are installing a coal cleaning 
plant at our Wheelwright mine. Our 
mining department assures us that they 
will deliver washed Wheelwright coal 
from machine loaded mining with ash 
and sulphur contents that are similar to 
the hand loaded product. 

Table 10 shows comparative coal and 
coke analyses for our hand loaded and 
machine loaded coal. 

Table 10 shows that in 1941 our coal 
mixture had 4.00 pct ash and 0.67 pct 
sulphur. In 1948, the coal mixture shows 
7.40 pet ash and 0.83 pct sulphur. For the 
same periods, the analyses of our furnace 
coke went from 5.35 pct ash and 0.58 pct 
sulphur to 10.20 pct ash and 0.70 pct 
sulphur. 

From the total sulphur analyses of the 
coal mixture charged and the coke pro- 
duced, the amount of sulphur remaining 
in the coke was 63.9 pct for the 1941 and 


62.7 pet for the 1948 period; in other 
words, the percent of the sulphur volatil- 
ized in the coking operation was practi- 
cally the same for the low and high 
sulphur coal mixtures. 

The results reported in the plant scale 
tracer study have given us a clearer pic- 
ture than using the conventional methods 
of chemical analysis, of the rate of evolu- 
tion and distribution of the pyritic and 
organic sulphur compounds during the 
carbonization of coal. 

Although it will still be necessary to 
carbonize coals with low total sulphur 
content in order to produce low sulphur 
coke, the experimental data presented by 
the authors will form the basis for 
further radioactive tracer studies of the 
reactions that take place in the course of 
the transformation of coal to coke. 


S. E. EATON, R. W. HYDE, -and 
B.S. OLD (authors’ reply)—The authors 
wish to thank R. W. Cambell and FE. J. 
Gardner for their very interesting com- 
ments on the subject of sulphur in the 
coke oven and the blast furnace, and 
Ralph E. Brewer of U. S. Bureau of 
Mines for his very careful review of the 
paper. 

In regard to the 5.2 pct of the total 
sulphur unaccounted for in coke and gas, 
Mr. Brewer is correct in saying that more 
of the sulphur in the coke oven gas could 
probably have been recovered by an 
improved scrubbing method. However, 
we wish to point out that since 95 pct of 
the sulphur in coke oven gas is present as 
hydrogen sulphide, the amount of sulphur 
in the gas which was not recoverable by 
the system used is rather small. We agree 
that a slight error may have been intro- 
duced by the presence of cadmium 
mercaptide in the cadmium. sulphide 
precipitate but since sulphur as mer- 
captans is only on the order 0.3 pct of the 
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total sulphur in the gas the error should 
be extremely small. Undoubtedly some 
of the sulphur in the gas passed through 
the scrubbing train; to have removed all 
the sulphur in the gas as well as obtain 
an aliquot portion of tar would have in- 
volved a much more elaborate sampling 
system. Since we were primarily inter- 


ested in the distribution of the forms of 
sulphur in the coke, a more elaborate 
system of sampling gas did not seem 
justified in view of the probable error 
involved. 

Mr. Brewer also noticed a slight dis- 
crepancy in Table 5 for the 2nd, 5th, and 
12 hr. The values of pyritic, organic, and 


total sulphur evolved each hour were cal- 
culated to one significant figure to the 
right of the decimal point, that is, to the 
nearest tenth of a pound. We would 
prefer not to change any value in this 
table as the individual values are more 


accurate as they now stand. 


Some Correlations between Variables Affecting 
Sulphur in Blast Furnace Iron 


DISCUSSION 


(G. MacMeans presiding) 


J. SAUSSAMAN*—One thing I have 
to say is that when anyone mentions 
sulphur, we at Fontana, are ready to 
listen. Although we do not have too much 
sulphur in our coke, we run into sulphur 
in our ores, and that is just one more 
variable in the question of how to control 
sulphur. Inasmuch as most of the data 
for this paper were taken from actual 
operation, I thought it might be interest- 
ing to show you some places in our 
operation which vary from those covered 
in the paper. The authors talk quite a bit 
about magnesia in the slag, and the mag- 
nesia in the slag at Fontana runs any- 
where from 15 to 18 pct, usually being 
closer to 18 than 15. We get very good 
sulphur elimination with this slag, al- 
though the calcium in the slag is very 
much on the low side—about 32 pct. The 
high magnesia content does not appear 
to affect seriously sulphur elimination. 

At the present time the two ores we 
use carry quite a bit of sulphur, one of 
them 2 pct sulphur and the other about 
0.5 pet sulphur. Of course, the 2 pct sul- 
phur ore cannot be used in the furnace 
directly due to that amount of sulphur, 
but it is removed by sintering. That 
reminds me of the statement that was 
made in a recent paper that the best way 
to control sulphur is not to put it in in the 
first place, so that is the way we do with 
the ore and have very good results with 
the sintered product. 

The other ore contains about 0.5 pct 


* Superintendent Blast Furnace, Kaiser Co., 
Fontana, Calif. 
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sulphur and we control the sulphur 
merely by a screening operation which 
reduces the sulphur to about 0.2 pct in 
the plus 5 in. particles with a large per- 
centage of the sulphur following the 
minus % in. particles to the sintering 
plant. 

In this one ore, running about 0.5 pct 
sulphur, we have the problem that half of 
that sulphur is in the form of gypsum or 
calcium sulphate, and the question then 
comes up as to how to control sulphur 
when it is in the form of calcium sul- 
phate. Does it react in the same way in 
the furnace as the pyritic sulphur? We 
do not know the answers as we have not 
been working with it long enough. 


L. E. RIDDLE*—I do not think it 
right to state that some one thing is the 
reason sulphur in pig iron is high or low. 
You have to take into account a number 
of things—variable amounts of sulphur 
when using the same materials, the 
kinds of sulphur in the raw materials, 
temperature changes in the hearth of the 
furnace, and correlation effect. 

I do not agree with Mr. Larsen that 
varying amounts of alumina has no ef- 
fect on slag. His data show that in his 
study of more than 100 samples of slag 
the alumina did not vary 1 pct. Had he 
had slags with Al.O; as low as 9 pct and 
others with 20 pct he would have found 
that with Al,O; above 18 pct the ratio of 
CaO and MgO to SiO, + AI,O; can be 
lowered greatly with sulphur removal, 
results equaling those when the CaO and 
MgO ratio to SiO. + Al.O; is much 
higher when the Al,O; is below 15 pct. 

Having made pig iron with 19 and 20 
pet Al.O; in the slag and ferro-manganese 


* Blast Furnace Consultant, Duquesne, Pa. 


with 22-23 pct Al2O; and the same prod- 
ucts with half these amounts of Al.O; in 
the slag, we learned the above fact. 


B. M. LARSEN (authors’ reply)—Mr. 
Saussaman’s comments indicate approxi- 
mately normal or expected S removal at 
15-18 pct MgO in slag with 32 pct CaO. 
We have experience in one shop with 
10-12 MgO and a limited run in another 
with 15-17 pct MgO; in both cases the 
ratios were lower by only a moderate 
amount than at what we feel to be the 
optimum range of 6-8 pct MgO. All such 
comparisons between shops must be 
regarded with caution because of the 
many factors (manganese and silicon in 
iron, iron and slag temperature, etc.) 
which appear to complicate the sulphur 
removal situation. As regards the division 
between pyritic and sulphate sulphur, we 
believe that essentially all the sulphur 
charged gets trapped in the furnace and 
all of it ends up in the sulphide form, so 
it does not matter in what form it is 
present in the charged materials. 

As regards a member’s comments 
on the factors of Mn and tempera- 
ture, we would only say that until a 
lot of good temperature data are available 
on slag and metal casts, we probably 
must keep an open mind on the inter- 
relationships between different variables. 
Higher temperature may have a direct 
effect of speeding the rate of sulphur 
migration from iron to slag. On the other 
hand, to the extent that higher tempera- 
tures are associated with higher Mn and 
Si and more basic slags it is quite proba- 
ble that here the temperature should be 
regarded as the secondary rather than 
the primary variable. 
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Sulphur Equilibria between Iron Blast 
Furnace Slags and Metal 


DISCUSSION 


(G. MacMeans presiding) 


T. ROSENQVIST*—It is a pleasure 
to see the excellent way in which the ex- 
perimental part of this work has been 
handled. There seems to be little doubt 
that the distribution data obtained corre- 
sponds most closely to thermodynamic 
equilibrium under the prevailing reducing 
conditions, namely equilibrium with 
graphite and one atmosphere CO pressure. 

The desulphurization curves in Fig 10 
show the same general feature as the 
curves given by Holbrook and Joseph, 
but the distribution ratios are from 20 to 
40 times greater—undoubtedly due to a 
closer approach to true equilibrium. 

In the theoretical discussion, the au- 
thors calculate a theoretical distribution 


ration [= which they find to be about 


50 times greater than the experimental. 
The deviation is so great that the basis 
for their calculation needs a more thor- 
ough examination. 

The authors base their thermodynamic 
calculation on free energy expressions 
where diluted solutions of FeS and CaS 
are used as standard states. (The ac- 
tivity coefficient in diluted solutions is 
taken to equal unity.) Such a standard 
state will change when the nature of the 
solvent is changed. Taking the free energy 
of the reaction [FeS]— (FeS), Eq 2, 
which is derived from the distribution of 
sulphur between an iron and a FeO-melt, 
it is very unlikely that the free energy of 
this reaction will be the same for a dis- 
tribution between pig iron and a calcium 
silicate slag. 

Therefore a more fundamental basis for 
the thermodynamic calculations seems 
needed, where all thermodynamic equa- 
tions are referred to unambiguously de- 
fined standard states. ier 

The most natural standard states for 
CaO and CaS are the pure solid sub- 


“stances at the same temperature. As 


standard state for sulphur in iron, pure 
liquid FeS can be used. This rules out 
Eq 2 [FeS]— (FeS) because AF° = 0. 
The standard equation will then be: 


FeS; + CaO; a= (Ort 
— Fe; + CaS, + CO, 
AF°1773 y 25,000 cal 


It would be more universal and also 


* Inst. for the Study of Metals, Univ. of 
Chicago. 
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By G. G. HATCH and J. CHIPMAN 


10% $ 


Ca-Silicote slog 


FIG 11—Chemical activity of CaS in blast 


furnace slag. 


(Hypothetical) Curve 1. Approximately ideal 
solution. Curve 2. Positive deviation from ideal 
solution. 


simpler to refer the escaping tendency of 
sulphur in liquid iron to the correspond- 
ing H.S/H, ratio which can readily be 
determined experimentally. As standard 
state a gas mixture H,S/H2 = 1/1 can 
be used. (This corresponds at the tem- 
perature of liquid iron closely to one 
atmosphere S; vapor.) Thus the standard 
equation for the sulphur reaction can be 
formulated as follows: 


HS, + CaOs + Cerapn 
— H», + CaS, + COg 
The standard free energy of this reac- 
tion has been calculated from the best 
available data to AF°17;3 = —35,000 cal. 
This gives for the equilibrium constant at 
1500°C 


AcasP-x,.Poo 


Kp = —— = 2.104 
y Acao-Pu,s-Ac 


Now, the solubility of CaS in blast 
furnace slags has been determined by 
McCafferey and Oe6esterle* and corre- 
sponds at 1500°C to about 10 pct S 
(varying somewhat with the composition 
of the slag.) 

If the activity of CaS is assumed 
linear between 0-10 pct as curve 1, (see 
Fig 11), then acao = 0.1 (S); (S) being 
wt. pct sulphur in the slag. 

For a diluted solution of sulphur in an 
iron melt saturated with carbon, the 
ratio H.S/H2 is, according to Kitchener, 
Bockris and Liberman,{ about 0.01 [S], 
[S] being wt. pct sulphur in iron. Sub- 
stituting these values in the expression 
for Ky we find 


(s) 
[SI 


The value 2.10? is only 4 times greater 
than the experimental coefficient found 


= Z.10*-acao 


* Trans. AIME (1923) 69, 606-634. 
+ Discussions of The Faraday Society (1948) 


4, 49. 


by Hatch and Chipman, but the value is 
very sensitive to a small error in AF°. 
A better agreement with the experi- 
mental distribution coefficient can~ be 
obtained if one assumes the activity of 
CaS to run like curve 2 (Fig 11). This 


will give a lower theoretical TS] value, a 


value which varies with (S) exactly as 
Hatch and Chipman learned. Such a 
shape of the activity curve, which corre- 
sponds to a positive deviation from 
Raoult’s law, is actually to be expected 
from the fact that liquid silicate and sul- 
phide phases usually show incomplete 
miscibility. 

A closer agreement between experi- 
mental and theoretical data can not be 
expected before we have more com- 
plete data for the individual activities 
of CaS and CaO in the slag. The activi- 
ties acas and dcao referred to the solid 
phases as standard states, are exact de- 
fined quantities contrary to the some- 
what undefined expression “‘free lime,” 
and they are independent of any theory 
for the constitution of liquid slag. 


J. CHIPMAN (authors’ reply)—The 
authors wish to thank Mr. Rosenqvist 
for his very interesting and useful ther- 
modynamic addition. Curve 2 of his 
figure offers the needed basis for explain- 
ing the increase in the ratio (S)/[S] with 
increasing sulphur content. Attention is 
called to an error in the printed paper: 
Fig 2 and 3 are reversed. 


M. TENENBAUM*—In the figures 
showing the relationship between excess 
base and sulphur distribution (Fig 6, 7 
and 9) the slope of the curve tapers off in 
the negative basicity range. Somewhat 
the same thing is observed with open 
hearth slags. In that case, the fact that 
some sulphur distribution between slag 
and metal is obtained with negative 
basicity is interpreted as indicating some 
dissociation of the lime silicate com- 
pounds whose existence in oxidizing basic 
slags has been used to explain various 
observed phenomena with regard to other 
slag-metal reactions. In the case of the 
blast furnace slags, the reduced slope of 
the sulphur distribution curve with de- 
creasing excess base is attributed to the 
amphoteric effect of alumina. Has the 
possibility of other explanations been 
investigated ? 


* Inland Steel Co., East Chicago, Ind. 
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B. M. LARSEN *—In view of this ef- 
fect of alumina that we failed to find so 
far in most plant practices, if I inter- 
pret that triangular diagram correctly, 
it seems to me that the lines indicat- 
ed very little effect of alumina and there 
was not any effect on sulphur at all. 

I am not accustomed to using the tri- 
angular diagram, but you will notice 
these lines fall almost parallel to those 
corners (Indicating slide). That would 
indicate the alumina has a quite small 
effect which would agree with what our 
experience has been in most plant data. 

There was one other thing—this de- 
parture from the distribution laws would 
be a very nice thing if it really worked 
out in practice because we are getting 
into higher sulphur content in the slag 
all the time. I am a little skeptical about 


* Research Lab., U. S. Steel Corporation. 


it. I feel more work should be done, 
probably more work with higher sulphur 
contents in the metal phase to minimize 
analytical errors. In other words, it looks 
as though this point is so important as to 
deserve more exhaustive equilibrium 
studies to make more sure of this effect 
because it would be desirable to be able to 
increase the sulphur in the slag. 


J. CHIPMAN—We agree with you 
that more work needs to be done with 
higher precision on the sulphur analysis. 
These sulphur analyses were made with 
extreme care and the method was checked 
repeatedly against standards. The sul- 
phur analysis was done by the combus- 
tion method in a manner which is per- 
haps better than one would normally 
encounter and results were always 
duplicable within +0.001 pct. Had we 
known that these sulphurs were going to 


come so low I think we would have 
started out in the first place to use radio 
isotope methods for improving the pre- 
cision of the analyses. We expected to 
get sulphur distribution ratios more or 
less in the neighborhood of what is found 
in the blast furnace. Even with 5 pct sul- 
phur in the slag we were still able to get 
unexpectedly low sulphur contents in the 
metal. There is no doubt about the result 
that we have shown—that if you double 
the sulphur content of the slag you do not 
double the sulphur content of the metal 
in equilibrium. The ratio (S)/[S] is not a 
constant. 

With regard to the effect of alumina, 
the results show clearly that it behaves as 
an acidic constituent in the basic slags. 
In the more acid slags this characteristic 
seems less pronounced. No detailed ex- 
planation of this observation is required. 


Relation between Chromium and Carbon 
in Chromium Steel Refining 


DISCUSSION 


(B. G. Emmett presiding) 


C. E. SIMS*—This is a most interest- 
ing and important paper. It is important 
from two standpoints. First, it has as- 
spects of being highly accurate and there- 
fore extremely useful to the operating 
man in showing how far he can go in oxi- 
dizing carbon from a steel bath while re- 
taining chromium and the effect of 
temperature on this limit. Fig 5 is un- 
doubtedly the highlight of the paper, and 
in checking it against available data, it 
seems capable of predicting actual results. 

The other important aspect is the ap- 
parently significant fact that reactions 
within a steel bath, such as between car- 
bon and an oxide, are homogeneous reac- 
tions which do not require equilibrium 
with an external phase. In this case, it 
seems obvious that the reaction and the 
equilibrium established were between 
dissolved carbon (or carbide) and dis- 
solved CrO. The classic reaction which 
requires equilibrium with solid Cr.O; did 
not fit the data. It was recognition of this 
principle that made Fig 5 possible. 


* Asst. Director, Battelle Memorial Institute. 
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G. R. FITTERER*—It might be in 
assuming the CrO is dissolved in the 
metal that you are actually approaching 
the correct factor for activity. If that 
is true and if the percentages that were 
used represent an equilibrium constant, 
this would mean, in effect, that the 
minimum temperature at which chro- 
mium would be reduced by an equivalent 
percentage of carbon would be about 
2400°F from your equation. I believe 
that is in line with my experience par- 
ticularly if you deal only with low 
percentages. 


J. CHIPMAN{—The author in dis- 
cussing the equilibrium of the reaction 
offers two choices of explanation. One 
postulates an effect of chromium on the 
activity coefficient of carbon; it would 
require perhaps more data than are 
available to us at the present time to 
test this thoroughly. The other postulate 
which he offers is a reaction with CrO. 
This explanation is consistent with physi- 
cal and chemical principles provided that 
a solid phase CrO is present, and that is 


* Univ. of Pittsburgh, Pa. 
} Professor of Metallurgy, 


Mass. Inst. of 
Technology. 


essentially what he is postulating. If that 
oxide were present one would expect and, 
I think, almost require the kind of results 
that he obtained. The weakness of that 
postulate lies in the lack of confirmatory 
evidence regarding the presence of solid 
CrO as such. This should offer an inter- 
esting subject for further study. 

It seems a pity that the theoretical 
arguments revolving around CrO should 
have obscured for a moment the very real 
excellence of this paper. 


E. CARTER*—I think there is a prob- 
lem that presents itself in practical ap- 
plication where the metal temperature is 
from 3200 to 3300 and the temperature 
desired in pouring is considerably less. 


B. M. LARSEN{—I get the impres- 
sion from some of the work that was done 
earlier that there is probably a localized 
zone of high temperature at the slag 
metal interface which effects the re- 
moval of the carbon. Without that I 
wonder if the effect is possible to have a 
localized superheat and an equilibrium 
there favorable to low carbon content and 


* Vulcan Steel Foundry. 
+ U.S. Steel Corporation. 
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still not have the whole bath heated up 
to that equivalent temperature. 


D. REEDER* (replying for author)—I 
do not doubt there is a localized area there, 
but still the agitation of the bath, par- 
ticularly at these temperatures, and the 
effect of applying the oxygen, (blowing 
the oxygen in there) will give a stirring 
effect; and also the temperature is so 
great the molten metal is very liquid and 
would tend to circulate more. 


B. M. LARSEN—In practice you have 
a heavy liquid below. That heavy liquid 
may not get stirred very deeply. 


D. REEDER—That is true. This is 
under very high oxidizing conditions and 
I believe that would have an effect on 
moving the metal itself. 


B. G. EMMETT—I might say along 
those lines that our experience has been 
in the injection of oxygen in an arc fur- 
nace you get a violent action which 
would, 1 believe, tend to stir the metal. 
I would also like to comment along the 
lines of this paper. It has been my ex- 
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perience—belief. at any rate—that there 
has been positively too much chromium 
steel made with no effort to boil. Conse- 
quently, when you machine the castings 
you find them full of holes. If you give 
the metal a good boil it tends to liberate 
hydrogen and make a good clean piece of 
steel rather than one that is full of gas. 


D. C. HILTY (author’s reply)—It is 
gratifying that the results presented in 
the paper seem to be consistent with Dr. 
Fitterer’s experience. Mr. Larsen has 
brought up an interesting point for 
speculation. I am inclined to agree with 
Mr. Reeder and Mr. Emmett, however, 
that the rather considerable bath action 
that results from oxygen injection goes a 
long way toward equalizing temperature 
throughout a steel bath except, possibly, 
in a very localized zone immediately 
adjacent to the point of oxygen input. 

With regard to the CrO postulate and 
the interpretations placed upon it by 
Mr. Sims and Dr. Fitterer, I believe my 
position has been adequately stated by 
Professor Chipman. As pointed out in the 
paper, the metallic phase was assumed to 
be in contact with a nonmetallic phase 
saturated with CrO at steelmaking tem- 


peratures. In this connection it is notable 
that slag samples taken from chromium 
steel heats at the end of the oxygen 
blow have been observed to contain par- 
ticles of metallic chromium as well as 
chromic oxide and chromite. One possible 
explanation for these observations is that 
at high temperatures the slags may have 
contained CrO which decomposed on 
cooling in a manner analogous to the 
decomposition of FeO. 

The primary objective of this investi- 
gation was to establish an empirical 
relation that would be of practical value 
to the operator in establishing a practice 
for melting chromium steels from charges 
containing chromium. The chromium- 
carbon-temperature relation shown in 
Fig 5 of the paper has been checked in 
the field in both basic and acid are fur- 
naces and has been found to hold quite 
well under both conditions. In a number 
of instances practices have been deliber- 
ately devised on the basis of the curves of 
Fig 5, and in all cases the heats behaved 
in the furnace as predicted. It would ap- 
pear, therefore, that regardless of the 
theoretical explanation of the results 
presented in the paper, the primary ob- 
jective has been attained. 


The Effect of Hydrogen on the Ductility of Cast 


Steels 


By CLARENCE E. SIMS, GEORGE A. MOORE, and DONALD W. WILLIAMS 


DISCUSSION, 


(R. C. Madden presiding) 


G. A. LILLIEQVIST *—I wish to com- 
pliment the authors on the excellent 
manner in which they have presented 
their data. The improvement of ductility 
obtained on test bars after aging at room 
temperature or at low temperatures of 
around 400°F has been a well-known fact 
for many years. The authors have found 
an explanation for this phenomenon and 
have presented in their paper conclusive 
proof that hydrogen plays an important 
part in controlling ductility values. 

While we have never attempted to 
analyze for hydrogen, a great deal of our 
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time has been devoted to the study of 
aging treatments to improve the ductility 
of steels and we have found results similar 
to those presented in this paper. It was 
our finding that in practically 100 pct of 
the steels investigated there was a defi- 
nite improvement when 1-in. bars were 
aged at 400°F for 16 hr, 550°F for 1 hr 
or at room temperature for 4 months. We 
also noted that the heavier sections were 
more affected than light sections and 
that more time was required in the aging 
treatment to obtain the maximum 
ductility. 

In ‘our investigation we also noted 
when an acid electric furnace heat was 
made as rapidly as possible, that is, to 
obtain’ a vigorous boil to reduce the 
carbon and then tapping as soon as possi- 
ble, good results were obtained. Very 
little improvement was obtained in aged 


bars over unaged bars. They were both 
very good. 

I again wish to state that the authors 
have done an excellent job in presenting 
interesting information regarding the 
causes of low ductility values in unaged 
bars which should be of considerable 
benefit to the steel casting industry. 


Cc. E. SIMS (authors’ reply)—The 
authors appreciate the comments of Dr. 
Lillieqvist which give confirmation from 
practice of the data presented. The work 
of many investigators, including Dr. 
Lillieqvist, has tended to establish be- 
yond doubt the effect of hydrogen on the 
ductility of steel, but this has been 
largely of a qualitative nature. The 
present work was designed to test and 
substantiate ‘these observations and put 
them on a quantitative basis. 
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The Origin of Silicate Inclusions in Basie 
Electric-are-furnace Steel of Higher Carbon 


DISCUSSION 


(R. C. Madden presiding) 


G. R. FITTERER*—In discussing 
this paper I would like to state simply, 
that Professor Hultgren’s objection to 
Stokes’ law is interesting but not neces- 
sarily a correct interpretation. 1 would 
like to point out that Stokes’ law states 
that the velocity of a particle, either when 
precipitated or rising in a fluid, is de- 
pendent chiefly upon three factors. One 
of these is the viscosity of the fluid which 
in this case is liquid steel. Another is a 
difference in density between the liquid 
steel and the nonmetallic inclusion and 
the third is the square of the radius of 
the inclusion particle itself. Now, if the 
particle has a radius in one case of ten 
times another, the one with the larger 
radius will be eliminated at one hundred 
times the velocity. This law states, in 
effect, that rain drops cannot become as 
large as watermelons and it is very for- 
tunate that they cannot. 

I would also like to point out that 
since it is a limiting law, it indicates that 
it might control either the agglomeration 
of the silicate particles or their dispersion. 
In other words, a particle may coagulate 
with others until the limiting size is 
reached. Any growth beyond this will 
cause the large particle to break up into 
smaller ones other conditions being the 
same. On the other hand, if in the action 
of pouring the heat considerable turbu- 
lence is present in pouring into the mold 
or even tapping in the ladle the limiting 
velocity as demanded by this law might 
be exceeded and therefore cause the 
break-down of the inclusions into the 
form that we saw here. Now, whether or 
not the small particles that are broken 
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By AXEL HULTGREN 


off from the large inclusions as shown, 
redissolve in the steel is a point which is 
disputable and has not been proved by 
this paper. 


B. M. LARSEN*—We have a few 
samples taken from open-hearth fur- 
naces. I do not know whether they il- 
luminate this question, but we took 
samples from the tapping stream and also 
out of the ladle. They came out very 
logically, looking at it from Hultgren’s 
viewpoint. The tapping stream samples 
from open-tap heats with no block in the 
furnace had no inclusions except ex- 
tremely tiny ones. In the ladle the inclu- 
sions jumped up to a volume percentage 
about the same as Hultgren found though 
of considerably smaller average size. The 
larger ones were gone in the platform 
samples. 


A. HULTGREN (author’s reply)—I 
wish to thank Dr. Fitterer for kindly tak- 
ing the trouble to present my paper. To 
his comments regarding Stokes’ law and 
its application to the present problem 
my reply is that I am not aware of having 
objected to this law, in thought or writ- 
ing. If inclusions, by growth or coagula- 
tion, reach a certain size they will rise at 
a considerable velocity and collect at the 
top surface of the liquid steel. The results 
of experiments with steel held in the 
ladle for different periods, as shown in 
Tables 5, 10 and 13, agree well with 
Stokes’ law. 

The breaking down of large slag inclu- 
sions—or rain drops—into small ones as 
caused by turbulence is not demanded or 
governed by Stokes’ law which applies 
to conditions of nonturbulence. 

Dr. Fitterer apparently interprets Fig 
10-14 as evidence of large inclusions 
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breaking down owing to turbulence in 
pouring. I think, on the other hand, that 
those figures support the idea of reaction 
products forming temporarily around 
inclusions which are not in equilibrium: 
with the metal. My arguments are: 

1. The inclusions had no doubt been 
deformed from turbulence during pouring 
but their round or rounded shape indi- 
cates that the turbulence had largely 
subsided when they were caught by the 
freezing steel. 

2. If the satellites were formed by 
fragmentation of the large inclusions in 
connection with deformation they would 
not be likely to remain in a surrounding 
zone of uniform thickness after the latter 
assumed its rounded shape. Fig 15, on the 
other hand, shows small inclusions irregu- 
larly dispersed in relation to a large one, 
possibly as a result of fragmentation. 

3. The lack of equilibrium at the time 
of formation of the inclusions is evidenced 
by the change in appearance of the inclu- 
sions while the steel is held in the ladle 
(Tables 5 and 14), the change observed 
indicating that the metallic oxide con- 
tents are gradually decreasing. 

The absence of satellite zones around 
the inclusions in the samples taken from 
the ladle are evidence of their short-lived 
existence. The dissolution of small parti- 
cles during the simultaneous growth of 
larger ones in the same matrix is a com- 
mon occurrence in metallic systems. The 
low oxygen content of the metal would 
also favor dissolution. As Dr. Fitterer 
says, however, this is a disputable point. 

The results reported by Mr. Larsen 
from his study of open-hearth steel sup- 
ply valuable additional evidence. In con- 
clusion, I ought, perhaps, to emphasize 
the limitation indicated by the title of the 
paper: the conclusions drawn are not 
necessarily all applicable to low-carbon 
steels. 


Sintering Characteristics of Minus Sixty-five 
| and Twenty Mesh Magnetite 


DISCUSSION 
(E. H. Rose presiding) 
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By A. STANLEY and J. C. MEAD 


E, H. ROSE*—You have wrapped up 
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a great deal of new and interesting infor- 
mation in one quite compact package, 
and I wonder if it might not help the 
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audience a bit if you would just recapitu- 
late your main conclusions—not all of 
them, but the outstanding ones about the 
size, the reactions, and so forth. 


J. C. MEAD (authors’ reply)—In our 
research work, the following factors were 
found to have a very pronounced effect 
on the minus sixty-five mesh magnetite. 

The use of 20 to 30 pct of sized return 
fines in the prepared feed, when using a 
hearth layer over the grate area, was 
very beneficial. Before the sized returns 
were investigated, and the amount con- 
trolled, the results of the tests varied 
widely due to the fluctuating amount of 
dust in the “‘returns.”’ 

The control and stabilization of the 
moisture percentage in the magnetite and 
coal culm permitted more efficient mixing 
of these materials which raised the pro- 
duction rate and decreased the amount of 
coal culm required. 

Close moisture control in the prepared 
feed is essential when sintering at a 
vacuum of 40 to 50 inches water gauge. 
Either too high or too low a moisture 
control will permit the bed to “pull 
holes,”’ short-circuiting the air and de- 

- creasing the production rate. 

Accurate control on the amount of 
sinter fuel in the prepared feed increases 
the quality and quantity of sinter pro- 
duced. An excess amount of coal caused 
too high a fusion temperature which slags 
and makes a very brittle sinter. Too little 
coal resulted in too low a fusion tempera- 
ture which made a weak sinter containing 
some unsintered material. 

While the research work in the test pan 
showed that minus twenty mesh mag- 
netite can be sintered without much-con- 
trol, in actual plant practice, very close 
control is needed on the magnetite, coal, 
and prepared feed. The plant will main- 
tain a high production rate if the moisture 
in the prepared feed stays between 5.5 to 
6.0 pct. Any variation above or below this 
range lowers the plant production rate. 

A variation of 2{9 pct of anthracite 

~ coal in the prepared feed will change the 
production rate. 

Any fluctuations of “dust’’ from the 
return fines and from the dust collectors 
can cause wide variations in the moisture 
of the prepared feed. If the “dust” is 
used at a uniform rate, it simplifies 
moisture control and does not affect 

_ production. : 

The use of return fines having a maxi- 
_ mum particle size of minus 3g in. in the 
prepared feed and the use of a thick 
- hearth layer over the grate area have 
been tried on the 250-sq ft pans and have 
increased the production rate. However, 
the use of smaller return fines requires 
closer moisture contro] than before be- 
cause the bed does not hold together dur- 
ing the sintering quite as well as it did 
when using the coarse return fines in the 
prepared feed. 

In all cases in research and in operation 

the closer the control maintained over the 
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magnetite, coal, return fines, dust, and 
moisture, the higher were the quality and 
quantity of sinter produced. 


E. H. ROSE—The presentation that 
Mr. Mead has made here today is one of 
acute interest to practically all iron ore 
producers, particularly in view of the fact 
that we are going to be faced with some 
very finely divided material when we 
proceed further with low grade iron ores. 


G. J. HOLT*—I missed the first part 
of the paper, but I heard Mr. Mead talk 
about pellets. I did not get the signifi- 
cance of the pellets. 


J. C. MEAD—This pellet we found 
was due to fine magnetite building up 
around return fines, and in our test we 
added water into our returns in the latter 
part of the mixing to eliminate them. 
During the first part of our tests we put 
the water right in with the magnetite, 
mixing it with a concrete mixer, and we 
found that in going over the lifters it was 
rolled up into a ball. Contrary to our 
original idea that pellets would help us, 
we found that after the sintering we could 
take these particles and crush them with 
our fingers; they break up eventually; 
they also formed zones of weakness where 
in being dropped or given a tumbling 
test they broke down the quality of our 
sinter. 


F. D. DE VANEY {—I just wanted to 
make this comment on the magnetite we 
are going to pelletize this year. It is about 
1 pet on a hundred mesh and about 85 
pet minus 200 mesh. We have recently 
carried on some tests using Dwight 
Lloyd machines and we found that for 
this fine material we can get a fair capac- 
ity and make a nice sinter if we roll our 
concentrates into balls that are from 4 
in. up to’ approximately 14 in. in diam. 
We found with such material, contrary 
to pelletizing, that the added coal had 
to be placed on the outside of the pellets. 
In other words, we rolled these balls up 
in a drum and then we introduced this 
coal about a foot or two from the dis- 
charge end of the drum and put a layer 
of coal around the pellets; then we put 
them on the sintering pan and in that 
way we made a rather nice sintering on 
the Dwight Lloyd machine. Do you plan 
on making your pellets in a rotary drum? 


MEMBER—We have not had a lot 
of experience, just 6 months or so on the 
rolling pellet, and I do not want to get 
into too much of a discussion on that; 
but we proposed using the same methods 
and the size of the balls is directly deter- 
mined by the percentage of moisture in 
the balls. If you keep that moisture down 
the balls will get no bigger. 


A. C. RICHARDSON {—As I listened 
to this paper, I found it a little hard to 
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follow some of the conclusions reached 
from the data which are worthy of serious 
study. We have had some experience, in 
the laboratory, in sintering various types 
of ores and find that there is very little 
information of value in literature on this 
subject. I hesitate to talk about sintering 
in the presence of Mr. Holt, Mr. DeVaney, 
and Mr. Johnson who have had a lot of 
experience with this subject, but a lot of 
the sintering practice, as far as I can see, 
is fairly empirical; perhaps it always will 
be. I think, however, that the work re- 
ported by Mr. Mead, wherein he has tried 
to evaluate the sintering variables and 
then interpret them in the light of what 
might be encountered in practice is very 
valuable. I would like to suggest that 
more papers along this line would be 
helpful contributions. Mr. Mead and his 
company are to be complimented on pub- 
lishing this information. 


E. H. ROSE—Recently the American 
lron and Steel Institute had a meeting on 
sintering in Pittsburgh which I happen 
to have had the pleasure of attending and 
there were two representatives there 
from, I think, practically all of the steel 
companies throughout the country. There 
were two men from Bethlehem and two 
from Jones and Laughlin, a couple from 
Carnegie, Illinois, and a couple from our 
place down in Birmingham. Altogether 
there were some thirty men therein teams 
of two, one a research man and the other 
an operating man. There was around table 
discussion to see what we could formulate 
in the way of a program in that organiza- 
tion to find out what we should do to ap- 
proach within shooting distance of the 
very thing that Mr. Mead has brought out. 
It is quite clear that sintering, particularly 
in the fine sense, is a precision operation, 
or should be, and yet at that meeting 
we paneled all of the experts and asked 
them a lot of questions. We all resolved 
to do something more about that, and a 
program is getting under way which I 
hope will result in much more informa- 
tion on the whole subject. Now, the 
astonishing thing is that none of us at 
that meeting could even state what is 
good sinter. Of course, we are all seeking 
a sinter that will double the production 
of the blast furnace and all that sort of 
thing. No one could define it there. Per- 
haps someone can define it at this meet- 
ing. If so we certainly want him to tell us 
about it. 


F. M. HAMILTON*—This paper on 
sintering variables is quite interesting to 
us and no doubt the rest of the industry. 
The sintering process is being more 
closely scrutinized and studied since more 
ores require agglomeration than hereto- 
fore, and it appears as though the trend 
will be accelerated in the near future. 

We have expended considerable time 
and effort on sinter research in the past 
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few years and much of our work has been 
along the same line as that of National 
Lead. Results are in agreement with those 
obtained by National Lead, although the 
approach to the individual problems was 
somewhat different in some cases, and 
different types of material were used. 

In the case of the study of moisture 
control of the mix, our method was to 
make up different types of sinter mixes 
at various moisture contents and then 
determine the amount of airflow it was 
possible to obtain under fixed conditions 
through the mix without sintering. In 
this manner curves were obtained which 
showed optimum moisture contents for 
maximum airflow. Then mixes were made 
up with moisture contents on either side 
of the optimum amount.and subjected to 
sintering tests. The time, in minutes, re- 
quired to sinter a test batch of 35 lb was 
then measured by means of a continuous 
strip chart record of the exhaust. gas 
temperature. It was found that the op- 
timum moisture content varied with the 
material being used. For example, New 
York State magnetite from Benson mines 
gave the best airflow values at 714 pct 
moisture while fine Minnesota hematite 
gave the best airflow values at 10 pct 
moisture. Furthermore, the best moisture 
content for sintering was found to be just 
slightly lower than the optimum indi- 
cated by airflow tests. 

In connection with pellets, I note that 
difficulties were encountered in sintering 
when pellets were unintentionally formed 
in ‘the mixer. Our experience has been 
similar in this respect but we purposely 
made pellets in a pelletizing drum for 
sintermg purposes. After many trials 
along these lines we conclude it is quite 
difficult to successfully sinter pellets 
made from fine-materials. One of the 
reasons for the trouble appears to be the 
magnitude of the difference between the 
optimum moisture content for sintering 
and the minimum moisture content at 
which pellets can be formed. 

Our work with the surface tension 
properties of water in the mix agrees with 
that of National Lead. Wetting agents 
are very detrimental to sintering; how- 
ever, little success has been obtained by 
the use of oils, lime, or limestone with 
our raw materials. 

As a result of experiments in the plant 
by our New York operators, fine frac- 
tions of coal were found to be detri- 
mental to good operation. Best results 
in this plant are obtained on a No. 5 
Buckwheat coal. 

The authors of the paper emphasize 
the importance of the proper use of re- 
turns in sintering fine materials. Our 
laboratory work indicates that large size 
returns are a waste of good blast furnace 
feed and their use as returns in the mix 
‘is of little or no value in promoting bed 
porosity. We expect to be in a position to 
carry out production runs along these 
lines in the near future. 
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The present paper is both interesting 
and informative on a subject of great 
importance to the steel industry today. 
It indicates recognition of the growing 
importance of closer metallurgical con- 
trol and better plant equipment for im- 
proved sinter operations. 


T. E. LLOYD*—Concerning pellets, I 
think that both of you are right about 
pellets. When you attempt to sinter a 
pellet that is too large, very often the 
coal inside of it does not burn. More often 
it is roasted to a coke. In such cases, 
obviously, it is better to have this fuel on 
the outside of the pellets. If the pellet is 
small, air gets to the coal, it burns rapidly 
and you have a sinter. 

You have probably noted that there 
is a remarkable difference in pellets. A 
charge in which the individual small pel- 
lets have been formed by rolling until 


they are free of air and are solid, (a good 


term is “‘dense’’) will sinter faster and 
more uniformly than a charge of identical 
proportions of moisture, fuel, and others, 
which has not been so carefully pelletized. 
I believe that in many of our arguments 
here regarding the sintering of pellets we 
must first take into consideration the 
physical. qualities of the pellets. How 
good is your pelletizer or mixer? To add 
moisture uniformly is almost an impossi- 
bility, but how close does the pelletizer 
approach this goal? What is the specific 
gravity of your individual pellet? 

A few years ago, the New Jersey Zinc 
Co. believed that a sintering mix could 
be benefited if it were squeezed by 
running through rolls before mixing. I do 
not know how far they followed this up 
but the idea is a step in the proper direc- 
tion for two reasons. First, it tends to 
unify the moisture content. Second, it 
squeezes air out of the mix which in turn 
serves to densify the agglomeration of 
particles in the individual pellets com- 
posing the mix. 


H. W. JOHNSON {—It is my under- 
standing that the commercial plant is 
operating on a minus twenty mesh mate- 
rial now. 


J. C. MEAD—That is right. 


H. W. JOHNSON—With a bedding 
about | in., what is the screen size of your 
finished product and your weight per 
cubic foot of the product. 


J. C. MEAD—There have not been 
any bulk density tests taken on the plus 
one inch sinter. There have been bulk 
density tests run on the return fines and 
they have been the following: 101 lb per 
cf on minus 1 in. plus eight mesh screen 
size, 99.4 lb per cf on minus ¥ in. plus 
3g in. screen size. The bulk density of 
sinter will vary widely unless some limits 
on screen sizes is followed which will 
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exclude the “ fines.’ 

The screen size of the finished product 
is all plus 1 in. There have not been any 
screen analyses made, but by a visual 
check most of the sinter is plus 6 in. size 
with a maximum lump size of 2-ft pieces 


H. W. JOHNSON—I think it would be 
a valuable addition to the discussion if 
that point were actually made—the 
weight per cubic foot—if there is a 
possibility of getting it. I think the im- 
portance of the weight of that material 
is of great significance. We have operated 
our furnaces on some test runs with high 
percentages of sinter with no improve- 
ment in operation. I think much of the 
reason for that is that we have failed to 
recognize the importance of the quality 
of the sinter used and one measure of this 
quality is the weight per cubic foot. 


E. H. ROSE—I think that is quite 
true, Mr. Johnson; this also came out in 
Pittsburgh recently in a great many of 
our arguments about sintering. We can 
never get together because we cannot 
even define our subject. What defines 
quality? what is good sintering? In the 
investigation I mentioned a moment ago 
we are hopeful we will be able to set up 
some definitions. After all, just to say a 
sinter is hard or not hard or that it is bad 
or not good, very bad or very good, still 
does not say anything you can define and 
reproduce. It does not permit you to run 
a test with sinter as one specific definition 
and see what the blast furnace does and 
with another specific qualified quantity 
of sinter, what the blast furnace does on 
that. 

Mr. Mead, did you make any porosity 
measurements? 


J. Cc. MEAD—No, we did not. 


T. E. LLOYD—First we know that 
iron ore at around 900 to 1000°C reduces 
two or three times faster than sinter of 
the same size. Secondly, it goes without 
saying that the structural or physical 
properties of iron ore fines in a furnace 
are impractical. Finally, it is known, but 
not often enough remembered, that 
sinter becomes increasingly more difficult 
to reduce as the carbon content, within 
practical ranges, increases. To me, the 
ideal sinter is a sinter coming from a 
charge so thoroughly and uniformly 
mixed that the practical range of fuel, say 
between 3 and 6 pct, can be held at its 
absolute minimum. Without the uni- 
formity of thorough mixing, this range 
cannot be held. Either a trifle extra fuel 
is required to produce sinter or inevitably 
there will be portions of unsintered and 
channelled product. 

When an ore is fine enough it can be 
pelletized. These pellets when roasted at 
around 900 to 1000°C: are usually quite 
tough and contain about 40 pct voids. 
Not forgetting the difficulty of sulphur, 
and other elimination, if this could be 
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done on a sintering machine I should 
think the resulting product would be 
even more ideal. 


E. H. ROSE—Mr. Mead’s mention of 
lime in his experiments only goes to re- 
mind me that in sinter, as in so many 
other affairs of this world, what is one 
man’s meat is another’s poison. 


F. D. DE VANEY—I am a little bit 
reluctant to say anything about pelletiz- 
ing. We are in the process of getting a 
full-size plant in operation, and one is 
reluctant to talk about something still to 
be done. The plant we have up in Aurora 
is a test plant in a way. In pelletizing or 
sintering the concentrates, we were in- 
terested in the most efficient and cheapest 
way. We rolled our concentrates up into 
balls and we learned a lot about that 
operation too. We rolled the material up 
in a drum about 8 ft in diam at a rate of 
30 tons an hour, and the balls, when they 
came out, were hard. They would not 
stand shipping but they would stand 
movement around the plant. We fed 
these into what we call a tandem type 
~ furnace and then they were fired. We add 
our heat through a combustion chamber. 
The furnace is of the regenerative type, 
so our top gases come off at about 225°F 
and our pellets come out at the bottom at 
from 250 and 275°F. These pellets are 
hard-when fired. I hope next year we will 
be able to prepare a paper and tell you 
just how the process works. 


L. J. ERCK*—It surprised me a little 
to hear Mr. Mead say that the pellets 
which were made would not form a hard 
pellet on the grate inasmuch as they 
were a 100 pct pellet charged on a sinter- 
ing grate. That point in my mind is just 
a little hazy now as to why the material 
produced in cake form would definitely 
sinter and yet the pellets would not. The 


* Cleveland Cliffs Iron Co., Hibbing, Minn. 


material we are working with at the pres- 
ent is a straight hematite. We have found 
on several occasions that the fuel has to 
be very thoroughly mixed, and I mean 
thoroughly. The pellets themselves, if 
not thoroughly mixed, will vary, and if 
that is so you will find that one pellet 
will burn while the next pellet will be 
soft. Likewise, we found that each indi- 
vidual pellet almost has to be a thorough 
and complete mixture of the ore and fuel, 
for if it is not you will find that one part 
of the pellet will be soft and the other 
part hard. In respect to adding lime, that 
problem was brought up inasmuch as the 
concentrate on which we are working 
does not present enough of the minus 325 
mesh size to form favorable feed to the 
balling drum. There must be a certain 
percentage which I believe we can be 
safe in saying is about 50 pct—at least 50 
pet. I have seen a few tests at 40 pct but 
30 is certainly more satisfactory. 

We thought if we could add lime of 
minus 325 mesh proportion in the proper 
percentage, we would be doing quite a 
trick; we would not only be making up 
the deficiency of the minus 325 mesh but 
we would also be making something 
equivalent to a more or less self-function- 
ing material. The material was prepared 
and placed in the pelletizing furnace and 
we ended up with a slag mass of about 
900 lb that had to be lifted with a crane, 
and that ended that experiment. 


A. C. RICHARDSON—What was the 
temperature ? 


L. J. ERCK—That is another point I 
might bring up. These materials vary. 
We just finished running a pelletizing 
test down at the station under which we 
had no control as to the moisture content. 
It was a filter cake with a very high 
moisture and in putting it through the 
balling drum all the material immediately 
formed balls. The new material added to 
the returns usually built up the said 


balls until they became of age. This was 
not the case. All the feed immediately 
formed balls from 1/¢ in. up to about 14 
in. so in placing that in the furnace we 
had to control the heat, not carrying it as 
close to the top as we usually do. 


L. A. ROE—In our attempts to sinter 
pellets we used a batch sintering machine 
which was operated at a temperature of 
about 2475°F. Mr. Erck is speaking of 
firing pellets in a shaft furnace, and 
probably uses temperatures of 2000° or 
less. I wish to call attention to the fact 
that temperatures utilized to sinter pel 
lets are considerably higher than tem- 
peratures used to fire pellets in a shaft 
furnace. 


J. C. MEAD—What was the size of 
the feed you used in making the pellets, 
Mr. Erck? 


L. J. ERCK—It has to be of propor- 
tion so that you do not diminish the 
quantity of minus 325 which is so essen- 
tial for forming the pellets in the ball 
drum. You must be sure you have the 
proportionate amount of fines. Of course, 
the amount that you add in hematite is 
still relatively small. 


KB. H. ROSE—Is anyone familiar with 
the pelletizing operation at Santa-Cruz 
on the cement? 


G. J. HOLT—While trying to produce 
lump ore we used cement as a binder and 
almost everything from straw up and 
down. We were trying to produce lump 
ore. We ended up by deciding we did not 
know enough about it and gave up the 
entire project. Are you using a binder in 
your work? 


E. H. ROSE—Yes. At the moment we 
are rather intrigued with the use of the 
paper mill waste. There are lots of paper 
mills in our vicinity, and we do have to 
heat treat it afterwards. 


The Influence of Temperature on the Affinity 
of Sulphur for Copper. Manganese and Tron 


By E. M. COX, M. C. BACHELDER, N. H. NACHTRIEB, and A. S. SKAPSKI 


DISCUSSION 


(D. T. Rogers presiding) 


D. T. ROGERS*—The conclusions 
drawn in this paper have important 
practical significance to the steelmaker 
and the metallurgist if, in practice, it is 
demonstrated that metallic copper in the 
charge will pick up sulphur from the fur- 
nace atmosphere and thus increase the 
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sulphur content of the bath. The problem 
of residual copper arising out of increas- 
ing copper in the scrap available to the 
industry is, in itself, a matter of concern 
to the steel maker. If, in addition to the 
often detrimental effects of high residual 
copper upon the physical properties of 
some important steel grades, there is to 
be a complication of the sulphur problem, 
then we have a set of conditions that 
bodes no good for the open hearth 
melter and the open hearth metallurgist. 


M. B. BEVER*—Investigations of 
gas-metal equilibria continue to be of 
interest, especially as new possibilities 
for improving experimental techniques 
emerge. Higher purity of reacting sub- 
stances, better refractories, improved 
methods of temperature control and an 
increased awareness of the pitfalls of 


high-temperature equilibrium work are 
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some of the factors that should con- 
tribute toward better data on gas-metal 
reactions. 

The authors have furnished adequate 
and interesting information on many as- 
pects of their experimental procedure. A 
more detailed discussion of several fac- 
tors, however, is desirable. The loss of 
hydrogen from the system by diffusion, 
thermal diffusion within the gas phase 
and the thermal decomposition of hydro- 
gen sulphide may be named. Have the 
authors examined the composition of the 
solids after each experiment, and were 
both the true stoichiometric sulphide and 
the pure metal found to be present? 

It is well known that hydrogen diffuses 
readily through silica at high tempera- 
tures and the same is probably true of 
other gases and refractories, although 
to varying extents. The authors’ pro- 
cedure of checking various furnace mate- 
rials against each other is to some extent 
a safeguard against errors of this kind 
but the loss of hydrogen through silica 
should be acknowledged as an inevitable 
certainty. This loss can probably be 
tolerated since equilibrium between. the 
gas mixtures and the condensed phases 
is likely to be maintained. 

The use of an impeller for keeping the 
gas atmosphere in motion tends to 
eliminate the possibility of thermal dif- 
fusion, given .a sufficiently high gas 
velocity, but this may in turn interfere 
with temperature equilibrium. The ther- 
mal decomposition of hydrogen sulphide 
is another potential difficulty on which 
further comment by the authors would be 
desirable. 

Concerning the numerical evaluation 
of the results of this investigation the 
heats of formation evidently are based on 
an extrapolation over a temperature 
interval which is altogether too wide. It 
also seems very doubtful whether the 
scattering in the plot of the logarithms 
of the pressure against reciprocal tem- 
peratures is any less serious than the 
scattering of the free energy-temperature 
data which the authors have rejected as 
a means for evaluating entropies. 

The authors concede that the inter- 
pretation of their results for the steel- 
making process can be only tentative as 
far as the solid ingot is concerned. How- 
ever, their interpretation of some funda- 
mental features of the behavior of 
sulphur, copper and manganese in liquid 
steel is also open to question. They state 
that because of the relatively high af- 
finity of copper for sulphur the sulphur 
content of the bath increases with the 
copper content of the scrap and that 
consequently the desulphurization proc- 
ess is hampered. This argument is equiva- 
lent to the statement that the presence of 
a deoxidizer in the bath raises its oxygen 
content and interferes with deoxidation. 
On the other hand it would seem to be 
consistent with the authors’ point of view 
to expect that sulphur may be used to 


_ remove copper from molten steel. To 
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avoid such conclusions it must be recog- 
nized that this investigation deals with 
pure substances and its results can be 
applied to the physical chemistry of steel- 
making only by the rigorous methods of 
the thermodynamics of solutions. 


R. E. MINTO* and H. B. EMERICK * 
—This discussion is aimed at the authors’ 
principal conclusion, to wit: ““ . . . that 
metallic copper which is present in the 
scrap is to be expected to pick up sulphur 
from the open hearth furnace gases and 
thus raise the sulphur content of the 
bath.” 

An opportunity was afforded to test 
the validity of this conclusion in actual 
practice when during a recent period 
Jones & Laughlin Steel Corporation made 
50 heats of 0.40 pct copper low alloy high 
tensile steel wherein the major portion 
of the copper requirement (all but minor 
final additions to adjust analysis) was 
obtained from high copper. scrap charged 
with the regular scrap at the start of the 
heat. This scrap averaged 5 pct copper 
content, the copper being in the form of a 
heavy gild metal cladding and not as a 
copper-iron alloy. 

A study was made to determine the ef- 
fect of this added copper in the charge on 
melt-in sulphur and ladle sulphur chem- 
istry. To do this, the routine sulphur 
and copper analyses on these heats were 
tabulated and compared with 50 heats 
made in the same period (and heat for 
heat chronologically as close to cop- 
per charged heats as possible) but with 
the practice of obtaining the copper re- 
quirement by the addition of pure copper 
late in the refining stage of the heat. This 
procedure assured reasonable constancy 
of lime charge and total sulphur content 
of the raw materials. The two practices 
are differentiated by calling the first 
group “copper charged”’ heats and the 
second group “‘copper addition” heats. 

Preliminary copper tests are taken 
about 344 hr before tap. Sulphur pre- 
liminaries are taken about 144 hr before 
tap. When copper is supplied by pure 
copper it is added comparatively late in 
the heat—from 4 hr to 14% hr before 
tap. The heat at this time has been under 
slag cover for considerable time and sub- 
sequent absorption of sulphur from the 
furnace atmosphere is uegligible. During 
the test period sulphur content of fuel oil 
ranged from 0.35 to 0.89 pct, averaging 
about 0.75 pct sulphur. 

Pertinent data may be summarized as 
follows: 


These data indicate that an appreciable 
pickup of sulphur is not experienced 
when about 1000 Ib of copper is charged 
as high copper scrap in 175 ton basic 
open hearth heats melting down in about 
4 hr in a furnace burning 0.75 pet sul- 
phur fuel oil. No evidence is found to 
support the authors’ contention that 
metallic copper present in the scrap may 
be expected to pick up sulphur from the 
heating gases, thus increasing the sulphur 
content of the bath. 


C. E. SIMS*—I will not discuss the 
experimental work, not having gone into 
that portion of it closely, but let us as- 
sume that the figures are correct for the 
sake of argument and that copper sul- 
phide is more stable than iron sulphide or 
even more stable than manganese sul- 
phide at the steelmaking temperatures. 
It does not seem to me, however, that 
such a conclusion gives the authors the 
right. to assume that copper, when 
diluted down to a fraction of a per cent, 
as is usually the case, could still exert an 
important effect on the affinity of that 
iron copper alloy for sulphur, or its 
ability to pick up sulphur from the 
gases. Now, if metallic copper is present 
as pieces of copper in the scrap, during 
the melting of the steel it probably would 
pick up a larger proportion of sulphur 
than the steel scrap and, of course, an 
important contamination of sulphur 
does occur during the melting. Even so, 
when it is present in such small quantities 
it does not seem that it could have an 
important effect on the total sulphur 
content. However, if it is true that in the 
finished steel the sulphides contain a 
large portion of copper sulphide then I 
think there is a significance that has not 
been touched upon by the authors. We 
know that copper steels give considerable 
trouble during the hot working of plate 
in the form of surface checking and edge 
cracking. In other words, in examining 
steel that has been hot worked and which 
shows this surface cracking we find that 
there has been a deep penetration of 
oxides along grain boundaries. Now, this 
occurs only during the hot working, and 
if a copper sulphide does constitute an 
important portion of the sulphides it may 
form a liquid eutectic at these hot work- 
ing temperatures that would influence the 
penetration of oxide along the grain 
boundaries and cause this phenomenon 
of surface and edge cracking. This prob- 
ably could be checked by finding the 
relative trouble from a high sulphur steel 
and a steel very low in sulphur but with 


Copper Charged | Copper Addition 
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about the same copper content. 


M. TENENBAUM*~—I would like to 
confuse the role of copper and sulphur in 
the melting of plain carbon steels a little 
bit if I can. We make intentionally a good 
tonnage of steels containing over 1 pct 
of copper. Quite often we charge nearly 
all that amount of copper with the origi- 
nal solid charge and we have never run 
into any difficulty with any increased 
melt or final sulphur in this grade. Now, 
to confuse the situation, we often get 
complaints from our melters (and I am 
sure they have not read Dr. Skapski’s 
paper) about the difficulty of removing 
sulphur from copper bearing heats, that 
is, heats containing 0.15 pct or higher 
copper in the liquid bath. They claim to 
observe this rather consistently and insist 
this condition actually exists. On review- 
ing our metallurgical reports in an at- 
tempt to get statistical evidence to 
support their observations, we have 
never been able to bring out any data 
that would indicate any increased diffi- 
culty in eliminating sulphur in the 


- presence of copper. 


N. H. NACHTRIEB (authors’ reply) 
—The principal objection of Mr. Sims 
(supported by the evidence contributed 
by Messrs. Emerick and Minto) might 
be rephrased in this form: Is the thermo- 
dynamic activity of copper dissolved in 
liquid steel sufficiently high to remove 
sulphur from the heating gases and to 
fix it in the form of copper sulphide solu- 
ble in the steel? Our experiments give no 
answer to this question, inasmuch as 
they dealt with pure copper and iron with 
their respective sulphides, and not with 
copper at the level of concentration in 
which it prevails in actual steels. For the 
latter case the relevant chemical reactions 
may be written as: 
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4 Cu + Ss =. 2 Cus 
(in Fe) 


and 2 Fe +S, = 2 FeS. 


The corresponding free energy relation- 
ships are: 


(Acu,s)? 


EAI’ Gt 5 = RT Ine 
oe Ss (acu) *(Ds,) 


(Greg)? ; 


and AF°p.g—AF°x,g =RTI 
FeS Fes n (an) pa) 


Whether copper is capable of competing 
with iron for sulphur under steelmaking 
conditions will depend upon whether 
|AF°cu,s| > |AF°res|. In turn, this de- 
pends not merely upon AF°cu,s and 
AF ‘yes, but also upon the activity of the 
copper dissolved in the steel, the activity 
of the copper sulphide (in the steel or in 
the slag), and upon the activity of the 
iron sulphide. We may consider the ac- 
tivity of the iron to be unity for all practi- 
cal purposes. Since activity data are 
lacking, we cannot predict with any con- 
fidence that a fraction of 1 pct of copper 
in steel will result in an increase in the 
sulphur content of the steel as a result of 
reaction with the heating gases. The 
experimental evidence of Mr. Tenenbaum 
and that presented by Messrs. Minto and 
Emerick suggest that the activity of 
copper in steel must be insufficient to 
cause appreciable sulphur pick-up or to 
materially hinder the desulphurization 
process. 

I should like to answer Mr. Bever’s 
comments as follows: 

Gas circulation, aided by the impeller, 
was estimated to be about 1 cm? per 
sec. This, we feel, is high enough to over- 
come the Soret Effect of thermal diffu- 
sion. At the same time, it is probably low 
enough to permit the establishment of 
the equilibrium: 


Pi Hs = 2 H, + Se 
in the hot zone. 


For the highest temperature run with 
Cu.S (1519°K) the experimentally deter- 
mined (H.S)/(H:) ratio has the value 
5.15 X 10-8. The pressure of sulphur 
vapor at this temperature is only 2.26 
x 10—* atm. (from Kelley’s data for the 
thermal decomposition of hydrogen sul- 
phide). This corresponds to only 0.044 
pet decomposition of the hydrogen sul- 
phide in the hot zone, and represents an 
error which is well within the errors in the 
analytical determination of hydrogen 
sulphide. 

Mr. Bever is undoubtedly correct in 
stating that hydrogen diffuses through 
silica and other refractories at high 
temperatures. However, this introduces 
no error, since the measured ratio 
(H2S)/(H2) is maintained by the metal- 
hydrogen sulphide equilibrium: 


Me + HS = MeS + Ha. 


Loss of hydrogen by diffusion through 
the furnace tube leads to a corresponding 
diminution in the hydrogen sulphide 
pressure. 

Finally, Mr. Bever’s comments com- 
paring desulphurization and deoxidation 
may be examined. Elements serve as 
deoxidizers only if their oxides form a 
second phase whose solubility in the 
metal is low. Should their oxides be quite 
readily soluble in the metal, the oxygen 
content of the metal would be increased. 
Similarly, elements whose sulphides are 
very sparingly soluble in the metal should 
be effective in removing sulphur from the 
metal. To the extent that oxides (or sul- 
phides) are soluble in the liquid metal the 
processes of deoxidation (or d esulphuri- 
zation) would be hindered; such elements 
might conceivably perform a disservice 
if their activities (and the solubilities of 
their oxides or sulphides) in the metal 
were sufficiently high. 


The Role of Thermochemical Factors in Basie 
Open Hearth Production Rate 


DISCUSSION 


(A. C. Swett presiding) 


L. REINARTZ*—In larger open hearth 
furnaces we have had somewhat different 
experience from Mr. Larsen. In the first 
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place, we find a very considerable in- 
crease in speed of the heat if you lower 
the limestone charge, and furthermore, 
we have found a tremendous improve- 
ment in tons per hour by using heavier 
scrap iron in the charge. We have recently 
made some experiments in different ways 
to charge furnaces which have shown 


much greater regularity of slag run-off 
with about the same high percentage of 
pig iron being used. We have made heats 
containing up to as high as 70 or 75 pet 
of hot metal. ey, 
With this practice we have made some 
low carbon heats in very fast time. Some 
steel plants in the East have done very 
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good work when charging light scrap 
iron because they are able to charge con- 
tinually. In most plants where you must 
use light scrap iron, charging time in- 
creases very materially, and, as a result, 
the length of the heat time is very much 
increased. 


T. T. WATSON*—We have had con- 
siderable experience in all cold metal 
charging practice and examination of a 
large number of heats definitely indicated 
that the charging time is an extremely 
important factor affecting heat time. An 
increase in charging time will increase 
heat time. As the optimum charging 
time is approached the rate of flow of the 
raw materials (steel serap-and pig iron) 
is equally as important as the charging 
time. 


M. TENENBAUM{—About. six or 
seven years ago at Inland it was possible 
to relate our heat time with our lime- 
stone charge. About 1944 we mechanized 
our coal mines and we got a little poorer 
analysis hot metal as a result. We then 
found that we had to use quite a bit of 
our heat time in working sulphur. Ac- 
cordingly, our limestone charges were 
increased. When we finally increased the 
stone charge uniformly throughout the 
shop, it was found that despite the in- 


* Lukens Steel Co. 
+ Inland Steel Co. 


creased limestone charge our heat time 
was not affected. When our practice was 
standardized to the point where we did 
pretty well on sulphur, we then dropped 
the limestone charge through the shop. 
Again we went back to the old condition 
where it did not make any difference. 
Apparently the time saved in pulling 
lime was lost in working sulphur. It is 
just a sort of warning that where you 
may save a few Btu’s during melting you 
sometimes may lose more than you have 
gained. The loss can appear either: as 
poor product quality or as increased heat 
time used to meet quality requirements. 


B. M. LARSEN (authors’ reply)—The 
comments here on the effect of heavy 
scrap, charging time, etc. illustrate the 
need for a more rational analysis of fur- 
nace variables in general. In melting 
down light or heavy scrap, we have (1) 
the “sharpness” of the furnace, (flame 
intensity, direction, etc.), (2) the rate of 
charging and the aggregate time with 
doors open, and (3) the amount of oxygen 
absorbed by each ton of scrap during 
melting. These factors are all involved in 
furnace speed and also are somewhat 
interrelated. For example, the more 
“sharp working” the furnace is, the 
faster will light scrap have to be fed in to 
avoid delay due to periods with charge 
down pretty flat and fuel reduced waiting 
for more charge. The advantage of heavy 
scrap will be greater with slow charging 


and also with charging conditions such 
that the furnace doors remain open an 
inordinate percentage of the charging 
time. 

We cannot be sure even that light scrap 
always means more oxygen absorption, 
though that seems very probable in the 
average case. The point we tried to make 
in the paper was that more oxygen ab- 
sorption from the gases means a lower 
net heat requirement by the bath; there- 
fore, if whatever light scrap being used 
can be prepared and charged to the fur- 
nace about as fast as it can be melted 
down, with a minimum of open door 
periods, then we are likely to get faster 
production rate on light scrap charges. 
On the other hand, with the complex of 
factors above mentioned, it is easy to see 
the possibility of just the opposite effect, 
as mentioned by Mr. Reinartz. Also, 
dense piles of oily turnings or well com- 
pacted bales of sheet scrap might give a 
low amount of oxygen absorption, so that 
the detailed physical character of the 
serap charge is probably involved. 

Regarding Mr. Tenenbaum’s 
ments, our experience has been that extra 
limestone does not always increase time 
of heat appreciably and this would be 
true especially where extra lime was 
needed anyhow for sulphur elimination; 
if it was not put in with the charge it 
would have to be added later so that the 
extra work in refining would offset any 
adyantage from shorter melting periods. 


com- 


The Interaction of Liquid Steel with 
Ladle Refractories 


DISCUSSION 


(H. C. Swett presiding) 


J. STEVENS*—The authors state 
that the contamination in the metal was 
due mostly to the ladle refractories. Did 
the contamination vary with different 
brands of refractories or different quali- 
ties in the ladle? 


C. B. POST -(authors’ reply)—That 
would be expected. In our shop we have 
used a grade of firebrick which is fairly 
standard. We do use high refractory 
nozzles to combat this erosion and high 
refractory sleeves, but there is such a 
problem when you get a skull in a ladle 
you just cannot use these high refractory 
bricks; you rip out the whole ladle getting 
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the skull cleaned up. The acid bricks 
form a glass, and you can pull the skull 
out when you do get them. I believe you 
might find variations among the different 
refractories depending on how much 
silicon is in the brick. This determines 
how much silica is going into the inter- 
face between the steel and the brick. Our 
brick is about 35 pct alumina and 65 pct 
silica. With a brick of 35 pct alumina in 
the slag patches new calculations would 
have to be made. 


R. PARDEE*—Where can you draw 
the line in determining the refractories as 
being a silica refractory? 


C. B. POST—More silica than about 
50 pet. I think perhaps that is generally 
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the criterion. The brick we use is a good 
high grade fire brick. 


T. S. WASHBURN*—With reference 
to the higher silicon that is recommended 
as a result of this investigation, is it con- 
templated that the specified range would 
be raised to 0.40-0.60 pct silicon, or 
possibly 0.50-1.00 pct silicon? These 
higher silicon ranges would affect the 
physical properties of the steel and con- 
sequently there might be some complica- ° 
tions with respect to educating the con- 
sumers to accept this revision of the 
conventional analysis. 


C. B. POST—It will take considerable 
work. Take AMS 6260 as an example. 
Ordinarily this specification calls for 
60 or 75 manganese. Silicon has some 
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hardenability in itself, and I believe if 
you aim for 40 to 60 for both the man- 
ganese and silicon you will have the same 
hardenability. At least, we have had no 
difficulty in meeting all the tests of the 
AMS 6260 specifications on that score. It 
might be if you had a steel too lean in 
hardenability for the job under the best 
of conditions you might get into a little 
trouble. I agree with you that it is going 
to take some work and by the people who 
are more qualified to talk on it than I. 
As far as I know, I do not think we will 
run into any difficulties in what work we 
have done. 


A. A. BRADD*—The authors present 
very interesting and valuable information 
about the effect of the Mn/Si ratio on the 
nonmetallic inclusion content of the 
steels investigated. However, another 
factor controlling the formation of the 
type of nonmetallic inclusion discussed 
by the authors is the composition of the 
ladle refractories with which the steel 
comes in contact before entering the 
mold. The authors’ investigations were 
done with 65 pct SiO,—30 pct Al,O;— 
5 pet FeO; firebrick. Rait and Pinder 
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in a paper on ‘‘The Origin and Constitu- 
tion of Certain Non-Metallic Inclusions 
in Steel,’ published by the British Tron 
and Steel Institute in June, 1946, found 
that manganese alumino-silicate inclu- 
sions could be reduced to a minimum if 
the firebrick refractory with which the 
molten steel came in contact had at least 
38 pct Al,O;. Their work was done with 
steels containing about 0.30 C, 2.80 Ni 
and 0.65 Cr, and Mn/Si ratio ranging 
from 1.68 to 3.87. 

The harmful effect of higher Mn/Si 
ratios on cleanliness ratings «might not 
be so pronounced if more aluminous re- 
fractories were used. 


The Ionic Nature of Metallurgical Slags. 
Simple Oxide Systems 


DISCUSSION 


(Hl. C. Swett presiding) 


C. B. POST*—Just what are you 
showing that has not been shown by 
fixing the attention on molecular species 
and choosing the molecular species to 
give you a perfect solution? 


J. CHIPMAN (authors’ reply)—In 
general a fairly satisfactory thermody- 
namic treatment of slag-metal equilibria 
can be worked out on the basis of assumed 
molecular species in the slag. This has 
been the method used by Shenck and 
more recently by White. Winkler and I 


* The Carpenter Steel Co. 


NOVEMBER 1949 


By J. CHIPMAN and LO-CHING CHANG 


also used it in studying dephosphoriza- 
tion. Darken and Gurry found that it did 
not fit satisfactorily in the case of their 
data on iron oxides. The ionic formulas 
used here conform to the data much bet- 
ter and probably correspond somewhat 
more closely with the actual structure of 
the slags. 


C. B. POST—It does seem to be simi- 
lar to you? 


J. CHIPMAN—It is alternative, and 
may lead to a more complete under- 
standing. 


C. B. POST—Have you had a chance 
to talk to glass technologists on this? 
Have they been using this type of set-up 
for glass solutions? 


J. CHIPMAN—Yes, and the ionic 
formulas have given them a little better 
understanding of what liquid glass is like. 


Cc. B. POST—Nelson Taylor always 
said we were going about slag reactions 
from the wrong viewpoint when using 
molecular species. Evidently the glass 
technologists use ionic species exclusively 
when dealing with liquid glass reactions. 


J. CHIPMAN—I agree that it seems 
more rational and more accurate to use 
ionic rather than molecular formulas. 
We should be cautious, however, and not 
suppose that we really understand the 
structure of a slag just because we are 
able to fit its reactions by ionic equations. 
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Electrolytic Zine at Risdon. Tasmania. 
Major Changes Since 1936 


By S. W. ROSS 


DISCUSSION 


(C. C. Long presiding) 


A, A. CENTER *—This paper reminds 
me of the beginning of the work of the 
Electrolytic Zinc Company of Australasia. 

Early work for this Company, as some 
of you may know, was done at the Bully 
Hill Plant in California. After working 
there for some time Herbert Gepp, now 
Sir Herbert, came to the Anaconda Co. 
plants in Montana where I met him. He 
spent some months there, in fact almost a 
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year if I remember rightly. That was 
when we were breaking in the new elec- 
trolytic zinc plant at Great Falls, Mon- 
tana. From there he went back to 
Australia and started in on the plant 
there. I believe they had an original plant 
of about 20 tons per day of cathode zinc. 
We heard from them for some time, until 
they were able to go along on their own, 
and they have done very well ever since 
as you have heard. 

Their practice, (the flow sheet, the 
leaching practice), has been quite dif- 
ferent as reported in the paper and ap- 
parently they are. still following that 


practice to some extent. 

While the earliest work on selective 
flotation was done down in Australia, the 
big companies there, strange to say, were 
far behind the American companies in 
taking it up; and it is only in compara- 
tively recent years they have gone to the 
alkaline circuit and dropped out thereby 
more of their iron and lead. The zinc 
plant now is up to a capacity of 100,000 
tons a year and I believe that may be 
notched up to about 105,000. 


T. H. WELDON*—I would like to ask 
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Mr. Gordon of the Risdon staff, whether, 
in the handling of these high sulphide 
calcines, there has been a build up of 
manganese in the solutions and if so how 
is it controlled? 


A. R. GORDON*—Manganese has 
not built up tremendously. We have man- 
ganese in solution at present to the extent 
of about 18 g per liter. Removal in the 
cells by oxidation and losses in various 
incompletely washed residues and pre- 
cipitates maintain a state of equilibrium. 
However the manganese content of feed 
solution has varied over the years from 
about 6 to over 20 g per liter. We have 
never had to take any special steps to 
control the manganese build up but if 
the amount increased unduly we would 
probably institute the discard of elec- 
trolyte virtually stripped of its zinc 
content. 


L. P. DAVIDSON{t—How much de- 
pletion do you have between your puri- 
fied solution and your electrolyte when 
your manganese is that high? It will go 


_ in about 20 or 25 g per liter. What does 


your cell acid run? 


S. W. ROSS (author’s reply)—The re- 
moval of manganese in the cells varies 
chiefly according to the state of the 
anodes. New anodes will remove several 
grams per liter of manganese whereas old 
anodes, say over 12 months old, will re- 
move less than 1% g per liter. On the 
average I would say we remove about 1 
g per liter during passage through the cells. 


Cc. C. LONGt—Would some of the 
electrolytic zinc experts care to talk a bit 
about the removal of germanium and tin 
by means of soluble silica? 


W. G. WOOLF§—Is the precipitation 
of germanium and tin by means of the 
soluble silica a chemical reaction or an 
absorption phenomenon? 


S. W. ROSS—I do not think that any- 
body in Risdon has a very clear idea 
whether the removal is chemical or by 
absorption. I think the idea was that it 
might be absorption, but there is nothing 
definite. 
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H. R. HANLEY *—I understand that 
the electrolytic zinc plant at Risdon, 
Tasmania, makes 3-day cathodes at cur- 
rent efficiencies above 90 pct. In this 
country the stripping interval is limited 
to one day. Do you think that superior 
purification is responsible for the longer 
cathode deposition between strippings. 


S. W. ROSS—Of course in thinking 
about the period of stripping you must 
remember the difference in current den- 
sity too. We use a cathode current den- 
sity of upwards of 30 amp per sq ft, 
whereas some of your plants in this 
country use appreciably higher cathode 
densities—I think as high as about 50 
amp per sq ft. At the same time we have 
always believed that our ability to run 
long stripping periods has depended 
mainly on three factors, (1) adequate 
purification, (2) a suitable combination 
of addition agents, and (3) maintenance 
of reasonably low cell temperatures. 

Purification is of paramount impor- 
tance, and perhaps the most vital step is 
that in which limestone is added. It is not 
difficult to drop current efficiency by 
many percent by improper conditions of 
purification in spite of the fact that the 
iron is completely removed. Then it took 
us a long time to find what was appar- 
ently the best combination of addition 
agents. Under our particular conditions 
we have never improved upon the par- 
ticular combination of glue and beta- 
naphthol referred to in the metallurgical 
data of the paper. Any substantial de- 
parture from these amounts adversely 
affects current efficiency. Finally the 
maintenance of reasonably low tempera- 
tures is of great importance. We have 
often had parts of the cell room up to 
over 40°C with a distinctly adverse 
effect on efficiency. 

I would say that solution purity is 
probably the major factor in permitting 


- long stripping periods but other factors 


are important. 


H. R. HANLEY—Do you think the 
soluble silica in the zinc solution at Ris- 
don has any effect on the crystal struc- 
ture of the cathode? 


S. W. ROSS—I am not very sure about 
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this. The use of soluble silica as an addi- 
tion agent in zinc electrolysis is not un- 
common practice and its presence is 
undoubtedly beneficial under the condi- 
tions in which it is used. At Risdon about 
}40 g of silica per liter survives the puri- 
fication steps and enters the cells. It is 
quite probable that it has some influence 
on electrolysis and as Dr. Hanley has 
suggested it may affect the crystal struc- 
ture. The way in which addition agents 
affect current efficiency and the structure 
of the deposit is a subject which has yet 
to yield many of its secrets. Much of the 
work done in the past has been somewhat 
on the hit and miss principle. We have 
carried out some research work on the 
structure of the zinc and its relationship 
to addition agents but I do not remember 
any attempt to link the effect of soluble 
silica with structure. 


A. R. GORDON—Concerning the use 
of fine calcine in place of limestone for 
iron purification, I did not notice any 
reference to this in a quick look through 
the paper, but at Risdon we have often 
used fine calcine quite successfully and 
thereby reduced the requirements of sul- 


’ phuric acid to maintain the sulphate con- 


tent of the circuit. 


S. W. ROSS—I note that our chairman 
referred to the removal of germanium and 
tin by means of soluble silica. I would like 
to draw attention to the point that no 
mention is made of tin in the paper in 
this connection. Silica appears to play an 
important role in the control of ger- 
manium but not of tin. 

I thought that some remarks might 
have been provoked by the section of the 
paper headed “‘ Roasting Policy.” Risdon 
practice appears to differ widely from 
that employed by other plants in this 
regard and sometimes our roasting is 
looked upon as poor. However, the high 
sulphur oxidation per square foot of 
hearth area, achieved virtually in the 
absence of fuel addition, reduces both 
capital costs of the roasting plant as a 
whole and operating cost per unit of 
sulphur oxidized. On the other hand we 
have incurred the capital and operating 
costs of a flotation plant. The assessing of 
the debits and credits of this policy 
makes an interesting study. 


Cadmium Reeovery Practice at the 
Donora Zine Works 


DISCUSSION 


re (C. C. Long presiding) 


L. P. DAVIDSON*—In the analysis 
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of the cadmium sponge how is the sample 
prepared? 


M. M. NEALE*—The analysis of the 
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cadmium sponge? 


L. P. DAVIDSON—You gave a very 
high percentage of metallic cadmium, 2 
pet zinc, 2 pct lead and say 93 pct 
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cadmium, or thereabouts. Just exactly 
how do you prepare a sample so that 
on a dry basis you get that analysis? Is 
that a dried sample? 


M. M. NEALE—Yes, that is a dried 
sample, but-I cannot answer your ques- 
tion as to just how it is prepared. Our 
chemists do that and I do not follow 
that through. 


L. P. DAVIDSON—With the cad- 
mium sponge from our plant we find that 
the chemist will give an analysis of about 


70 to 75 pet, and then if you analyze it 
completely there is about 10 pet that you 
do not find; if you put it in a combustion 
train and actually collect the water you 
will find there is around 10 pct water in 
what is ostensibly a dry sample. We 
found that by washing it with alcohol 
one gets a sample on a dry basis so that 
although a part of the cadmium may be 
oxidized on drying, it will figure to 
100 pet. Without washing by alcohol 
we have not heen able to get it,—that is 
why I asked the question. 


M. M. NEALE—I cannot answer your 
question fully on that. 


A. W. SCHLECHTEN *—I merely ask 
for information and I fear that in doing 
so I may reveal my own ignorance but the 
question is whether the addition of zinc 
dust alone effectively removes ger- 
manium from the solutions. 


M. M. NEALE—I cannot answer that. 
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The Reeovery of Cadmium from Cadmium- 
copper Preecipitate, Electrolytic Zine Co. of 
Australasia. Risdon, Tasmania 


DISCUSSION 


(C. C. Long presiding) 


H. R. HANLEY*—I have been asked 
to discuss briefly the development of ro- 
tating cathodes for the electrolytic dep- 
osition of cadmium. 

The earliest recorded use of rotating 
cathodes was by Hoepfner at Frufurt, 
Germany about sixty years ago. He elec- 
trolized zinc chloride solution using 
diaphragms to separate electrodes. 

In the early experimental work of the 
Bully Hill Copper Mining and Smelting 
Co., Shasta County, Calif., rotating 
aluminum cathodes 4 ft in diam were used 
in the electrolysis of an acid zinc sulphate 
solution. Finished cathodes weighing up 
to 400 Ib were produced. Because of 
mechanical difficulties, this type of 
cathode was abandoned for zinc, but was 
later used for cadmium because of the 
relative smoothness of deposit in com- 
parison with stationary plates with com- 
parable current densities. Cadmium 
sponge which forms on the cathode at 
moderate current densities (without 
special treatment) is entirely eliminated 
by a slow rotation. 

The rate of rotation of the cathode has 
an effect on the mechanical nature of the 
deposit. A high rate of rotation concen- 
trates the adhering electrolyte on the 


shaft; a moderate rate appears to concen-_ 


trate on the cathode a short distance out 
from the shaft tending to corrode the 
deposit in the form of a ring. At a very 
- slow rotation (2 to 3 rpm) the adhering 
electrolyte gravitates nearly vertically, 
thus avoiding the cutting ring ma ed to 
above. 
The true explanation for the smoother 
deposits obtained on rotating cathodes 
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not be given definitely as the 
numerous factors involved are not 
thoroughly understood. Smooth deposits 
are. obtained when the orderly growth 
of the metal crystals in the cathode lattice 
are disorganized. Thus the crystals form 
and grow for a very short interval when 
they are arrested and a new crystal forms. 
The continued growth of the original 
crystals provides large crystals and a 
rough deposit. Also if the acidity of the 
electrolyte is low, hydrogen gas bubbles 
adhere to the deposit. As the cathode is 
rotated the gas surface is brought into the 
atmosphere where they burst; thus the 
deposit is made on a surface relatively 
gas-free. 

An aluminum hub distance piece was 
riveted to each aluminum disk 4 ft in 
diam, slipped on a 44 in. steel shaft and 
pressed tight to prevent acid electrolyte 
seeping through to the shaft. 

The 9-cathode assembly was supported 
on insulated bearings. Electrical contact 
to the shaft was made through what was 
equivalent to a copper fulley. Sufficiently 
high conductivity brushes were placed on 
the face of the pulley to lead the current 
to the cathode bus bar. The assembly was 
driven by a link belt contacting a sprocket 
insulated from the shaft. 

The lead anodes were semicircular and 
supported on porcelain insulators placed 
on the bottom of the cell. Two anodes 
were provided for each cathode to per- 
mit an 8-in. space between them without 
increasing the ohmic resistance. -This 
ample spacing permitted-easy stripping 
of deposit with the assembly in place. 

Cathode cadmium was melted under 
650 W cylinder oil. After casting, the 
primary slabs were remelted under 
molten caustic soda and cast into pencils 
11459 in. in diam. 

Rotating cathodes for deposition of 


may 


cadmium are used at Risdon, Tasmania, 
and at Magdeburg, Germany. 


W. G. WOOLF*—This paper is very 
interesting to me because in our work at 
the Electrolytic Zine Plant of the Sulli- 
van Mining Co. we had an exactly similar 
problem—that is, a method of producing 
cadmium from our purification residue, 
the recovery of the contained copper as a 
copper precipitate which could be sent to 
a copper smelter and the production of 
merchantable cadmium. It is interesting 
to me, not knowing of the work of the 
Risdon people, how closely we approxi- 
mate them in their main metallurgy, 
diverging at several interesting steps 
which I would like to discuss for just a 
moment. 

For example, at Risdon they oxidize 
their purification residue. In our practice 
we take the current residue as it is pro- 
duced in the purification department of 
the zinc plant and process it in the cad- 
mium plant. The only oxidation that it 
obtains is the oxidation in the presses, the 
dumping of the presses and the collection 
and transportation of the residue to the 
cadmium plant. 

We find that the leaching of that resi- 
due does not necessarily require the oxi- 
dation step that the Risdon people evi- 
dently find necessary. 

The discussion of oxidation comes in 
again in the matter of the treatment of 
the precipitated cadmium sponge with 
zinc dust which again at Risdon is oxi- 
dized but which we do not attempt to 
oxidize except as it oxidizes itself in the 
storage. There is a partial oxidation 
which cannot be avoided, as Mr. David- 
son pointed out, but we make no attempt 
to attain a complete oxidation and we 
dissolve the cadmium sponge in the sul- 
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phuric acid electrolyte of the electrolysis 
without any further oxidation. 

Coming to the question of the rotating 
cathode, I have discussed this a few days 
ago with Mr. Gordon who visited our 
plant prior to this meeting and asked him 
why at Risdon they had the rotating 
cathode. He mentioned one reason per- 
haps was that they started with it and 
they continue with it because it appar- 
ently gives them satisfactory results. 

The second point was that in the long- 
time deposition as the cathode rotates, if 
there are any sprouts they are easily 
knocked off so they obtain a smooth 
deposit. As a result, they are not bothered 
with sprouting which is one of the diffi- 
culties of cadmium electrolysis. In our 
procedure we have stationary cathodes. 
Our cathodes are stripped every 12 hr 
which gives us a relatively thin cathode, 
but the thin cathode does not bother us 
very much in the melting procedure. 

The difference in the melting at our 
plant and the Risdon plant is that we 
melt in an iron pot with electric furnace 
under caustic soda. There is relatively 

_ little oxidation. The amount of dross that 
we obtain is comparatively small and we 
find no need or requirement for the thick 
deposits such as Risdon obtains. 


A. A. CENTER*—tThis matter of 
weathering the cadmium-bearing residue 
is rather interesting. When we did our 
early work at the Anaconda Co. on cad- 
mium about thirty years ago, we found 
that the cadmium copper precipitate, 
which we had thrown out on the ground 
and left there while we worked out main 
electrolytic zinc plant difficulties, as a 
weathered product leached much more 
easily and we got a higher leaching re- 
covery than we got with the current pro- 
duction. Mr. Woolf pointed out on the 
other hand that they do not find it neces- 
sary. It is somewhat a matter of product 
at each plant, and the prior operations 
leading to this product in each plant. 

With reference to rotating cathodes, 
some of you may remember, but it may 
be news to others, that the electrolytic 
zinc plant built in Park City, Utah, 
‘about thirty years ago had rotating 
cathodes for electro-deposition of zinc. As 
I recall when I was there the plant was 
making about 7 tons a day of zinc with 
rotating cathodes. The capacity of the 
plant, I believe, was about 20 tons of zinc 


—per day. This plant operated a few years 


but shut down when the price of zinc 
dropped off after the first World War and 
was finally dismantled. 


A. R. GORDON{—Regarding the 
question of oxidation of cadmium precipi- 
tate we have done experimental work to 
determine whether we could leach the 
precipitate directly as it comes from the 
zinc plant and found that it was not as 
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satisfactory as allowing it to oxidize first. 
As to why it should be so I do not know. 
We tried leaching it in acid with an addi- 
tion of manganese mud to give oxidation 
in the leach, but even that was not satis- 
factory. Have you any explanation, Mr. 
Woolf, why there should be that differ- 
ence in leaching? 


W. G. WOOLF—The thing I neglected 
to point out in my discussion was the 
fact we return electrolyte from our cell 
room which carries about 270 g per liter 
as compared to lower acidity of your 
zinc electrolyte and I think perhaps that 
is the reason for it. 


A. R. GORDON—Very likely that is 
the reason but we had heard about your 
practice before and tried out the straight 
leaching but in our conditions it was not 
satisfactory. There is another question I 
want to ask Mr. Woolf, what do you do 
with the trees that you scrape off your 
cathode cadmium in the cells? 


W. G. WOOLF—As I pointed out we 
make only a 12-hr deposit and the deposit 
is quite free from trees and is dense and 
smooth. 


A. R. GORDON—You have nothing 
to knock off to drop to the bottom of the 
cells? 


W. G. WOOLF—No. 


A. A. CENTER—I just want to say 
that the matter of the strong acid is not 
the whole answer, because, as I pointed 
out, our early experience at Great Falls 
was exactly the same as at Risdon, that 
the weathered material leached much 
more readily and yielded a higher re- 
covery than the fresh product. Later we 
were able to leach fresh product with little 
drop in recovery using acid which was not 
much higher than before. 


T. H. WELDON*—I do not know 
whether this will further confuse the issue 
or clarify it, but at Trail we more or less 
follow the same practice that Mr. Woolf 
mentioned was in vogue at Kellogg. We 
take our purification residue directly from 
our Shriver presses, pug it up and deliver 
it by pump to leach tanks with return 
acid. The leach pulp is circulated through 
the centrifugal pump and we think that a 
certain amount of aeration is introduced 
here which speeds up the leaching action. 
To finish the leach, we make sure that 
there is a slight excess of the cake. In that 
way, the copper is not taken into solution 


-and yet a good recovery of cadmium is 


obtained. We then filter the leach to 
obtain a clear cadmium solution, and we 
use a very fine zinc dust in deficiency to 
precipitate high grade cadmium sponge. 
This particular sponge is delivered to 
the cadmium plant where, in the course 
of the operation, it is in storage for at 
least one week, and we think that some 
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oxidation there is necessary. 

Someone brought up a question of 
thallium. We have some thallium present 
in our ore which reports in our purifica- 
tion residue and that is taken care of in 
our purification of the cadmium elec- 
trolyte. If the purification is properly 
controlled, thallium is taken out in the 
residue. If it is not properly controlled 
some thallium will get over into our cells 
and at the time of cleaning the anodes in 
the cell, we will get a sludge in those cells 
that might contain up to 2 pct thallium. 
But as I say, normally that can be taken 
care of in the purification step. q 

Also, we are making a 24-hr deposit 
and we think the character of the deposit 
is dependent on the purification. If our 
purification is good we get good solid 
deposits with very little treeing, and the 
small amount of trees we do get are rolled 
up with the cathode and melted under a 
caustic slag. We make about a 98% to 
99 pct melting recovery. 


A. R. GORDON—Talking about thal- 
lium, in what form is the thallium 
removed ? 


T. H. WELDON—TIf you remove any 
chances of reducing power in your 
finished leach and you purify the solution 
by a permanganate purification you will 
oxidize that thallium and precipitate it, 
probably as the hydroxide. 


A. R. GORDON—Do you recover that 
at all> 


T. H. WELDON—Not at present. 


A. R. GORDON—What bad effect has 
thallium on the electrolysis if it is not 
removed? 


T. H. WELDON—Principally in tree- 
ing. 


A. R. GORDON—I mention that be- 
cause our cadmium plant electrolyte has 
some thallium. 


T. H. WELDON—A certain amount is 
deposited in the cadmium as well. 


A. R. GORDON—Was treeing the bad 
effect > 


T. H. WELDON—I think so. 


H. R. HANLEY—Difficulties were 
found in cadmium electrolysis due to the 
accumulation of thallium in the elec- 
trolyte. This substance causes rough de- 
posits and increases oxidation of the _ 
cadmium during melting. It was removed 
by adding sodium dichromate to the neu- 
tral cadmium solution, which forms an in- 
soluble chromate of thallium impurity. 


K. MORGAN *—Our practice at Avon- 
mouth differs somewhat from that which 
has been outlined in the papers we have 
heard this afternoon. 


* Imperial Smelting Corporation, Avonmouth, 
England. 
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We are smelters and are consequently 
afraid of all electrolytic processes. We 
follow somewhat the practice outlined by 
Mr. Neale. We take our sludges and 
Cottrell dusts from our acid plant purifi- 
cation system and extract these with acid. 
We take the neutral solution and precipi- 
tate arsenic by controlled additions of 
zinc dust. During this process we vola- 
tilize about half of it, leaving 50 pct ina 
residue containing an equal proportion of 
cadmium, which is subsequently treated. 

We then take our solution and slightly 
acidify it. Incidentally we like to leave 
a little arsenic in at this stage, about 0.01 
g per liter. We do not use zinc dust for 
our main precipitating stage but use 
zinc rods made from high purity zinc. 
These are agitated in trommels, which 
are rotary drums, the surface of which is 
formed of a wire mesh screen. We place 
the zinc rods inside the trommels and 
rotate them in the solution. We find .this 
method gives us a very dense hard sponge 
which settles to the bottom of the tanks. 
It is periodically withdrawn and filter- 
pressed and we find we can then melt it 
directly under caustic soda giving us a 
good yield of metallic cadmium. 

The next stage depends somewhat on 
the purity of the metal. We use spec- 
trographic methods and frequently find 
it is pure enough at that stage to cast 
directly into sticks or whatever is re- 
quired. Sometimes the impurity content 
is too high and in that case we distil the 
metal in the furnaces somewhat similar 
to those outlined by Mr. Neale. If thal- 
lium is present, as it frequently is, we 
remove this by a melting treatment under 
zinc chloride. We built up a dross which 
contains up to 2 to 3 pet thallium. We 
recover this by subsequent treatment. 


C. C. LONG—Mr. Morgan, what is 
the normal cadmium content of the solu- 
_tion from which the cadmium is cemented 
by these rotating zinc rods? 


K. MORGAN—The solution runs 
about 100 g per liter zinc and 20 g per 
liter cadmium. 


Cc. C. LONG—And the tail solution 
contains how much cadmium? 


K. MORGAN—Onur tail solution from 
the trommel agitators contains about 1 
to 2 g per liter cadmium. We strip that 
cadmium by zinc dust treatment before 
returning the zinc liquor as a wetting 
down medium to our sintering plant. 


L. P. DAVIDSON—What is the grade 


of the zinc with your zinc rods, and have 
you had any trouble with the cadmium 
forming on the rod and giving you essen- 
tially a cadmium coated rod that did not 
precipitate any more cadmium? I have 
seen that happen. 


K. MORGAN—We make our rods of 
high purity zinc and find that by con- 
trolling the acidity and by keeping a very 
little arsenic in solution we overcome the 
trouble. 


L. P. DAVIDSON—You want the 
arsenic to prevent the plating of the cad- 
mium on the rods? 


K. MORGAN—Yes. At first when we 
developed the method we tended to form 
dense coats on the rods which were very 
difficult to deal with. We found this 
could be overcome by leaving a little 
arsenic still in the solution. Nowadays 
we find quite often we can strip the 
arsenic entirely and still get no trouble; 
but as a general practice, we still like to 
leave a Jittle arsenic in the solution. 


H. R. HANLEY—In the production of 
sponge cadmium from cathode or slab 
zinc, it is necessary that the solution 
move slowly around the zinc. 

Turbulent solution causes the cadmium 
to cement on the zinc surface and pre- 
vents further precipitation. 


G. H. ANDERSON (author’s reply)— 
Regarding the necessity for the oxidation 
of the cadmium. copper precipitate before 
leaching, our first work nearly 30 years 
ago was on an accumulation of precipi- 
tate which had weathered in a heap for a 
considerable time. 

This material leached easily and a high 
cadmium extraction was obtained but 
rather more copper dissolved than was 
desired. When unoxidized precipitate was 
treated it was found that the cadmium 
extraction was poor and insufficient cop- 
per was dissolved to insure the satisfac- 
tory handling of the cadmium precipitate 
in the latter stage of the process. 

After various tests it was found 
that an oxidation time of 48 hr in open 
bins was the most satisfactory for Risdon 
precipitate. 

There is no doubt that the composition 
of the precipitate affects its rate of solu- 
tion. If small amounts of arsenic and 
probably other elements such as cobalt, 


are present, the solubility is increased _ 


and this is the most likely reason for the 
differing behavior of the various cad- 
mium-copper precipitates. Risdon preci- 


pitate contains very little arsenic and 
cobalt. 

This applies also to the high grade cad- 
mium precipitate obtained later in the 
process. 

At Risdon it has been considered good 
practice to control the oxidation of the 
wet high grade cadmium precipitate by 
applying a very low temperature to the 
material spread on a hearth so that a 
uniform product is obtained for subse- 
quent leaching. 

Our interest in the question of the oxi- 
dation of cadmium-copper precipitate 
was revived a few years ago when two of 
our staff returned from a visit to U.S.A. 
with the information that it was common 
practice to leach the precipitate without 
prior oxidation. Tests were conducted 
but it was found impracticable to obtain 
a high extraction of cadmium with a low 
finishing acidity in a reasonable time. 

Referring to the revolving cathodes, it 
was found during the development of the 
process in 1922 that under the same solu- 
tion conditions rotating cathodes could 
operate at a current density of 15 amp 
per sq ft whereas with stationary cath- 
odes, a current density of only 7.5 amp 
per sq ft was possible over the same time 
of electrolysis. 

Records show that in the early days of 
the plant, with apparently excellently 
pure solutions, it was possible to obtain 
regularly a current efficiency of 93 pct for 
a 96 hr stripping period with a current 
density of 15 amp per sq ft. 

It-is possible that the poorer results 
obtained in recent years are related to 
the presence of thallium. 

During the early days of the plant, the 
whole of our raw material came from 
Broken Hill in New South Wales, 
Australia. This contained practically no 
thallium but now up to one third of our 
raw material is drawn from Rosebery, 
Tasmania, and this has introduced 
considerable quantities of thallium. As 
much as 20-30 mg thallium per liter is 
found in the cell feed solution but not 
more than 0.001 pct has been determined 
in the cadmium metal. 

Also it was once the custom to purify 
the solution with KMnO,, but this was 
discontinued because of the very slow 
filtering rate of the pulp and in its place 
was substituted the practice of discarding 
cell spent solution to rid the circuit of 
impurities. 

Apparently the K MnO, purification is 
more necessary now than prior to the use 
of raw material from Rosebery. 


Cadmium Recovery Practice in Lead Smelting 


DISCUSSION 
(C. C. Long presiding) 
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By P. C. FEDDERSEN and HAROLD E. LEE 


T. J. WOODSIDE*—In the paper it 


* Amer. Smelting and Refining Co., El Paso, 
Texas. 


was stated that many of the A. S. and R. 
plants probably used a process patented 
by Roscoe Teats in 1930. I might describe 
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eras 


briefly that process as used at El Paso 
which I believe is typical of the four or 
five A. S. and R. plants at which it is 
used. Blast furnace baghouse dust carry- 
ing anywhere from 10 to 20 pct cadmium 
is mixed with approximately 20 pct slack 
coal and 25 pct fine limerock, charged 
into a Godfrey roaster, roasted at a 
temperature of 1500°F, temperature 
being measured through the arch of the 


roaster near the uptake, and the cad- 
mium oxide fume running anywhere from 
50 to 65 pct cadmium, the grade of the 
fume depending on the amount of cad- 
mium in the feed. 


A. R. GORDON*—Regarding the 
practice at Port Pirie mentioned in this 
paper, I think that cadmium is no longer 
recovered as carbonate. It is not treated 


* Risdon Works, Tasmania. 


at Risdon as it was previously. It is some 
years since I saw the plant at Port Pirie 
and then cadmium was recovered as car- 
bonate. Also I have not seen any pub- 
lished material describing their present 
treatment, but I believe it includes 
precipitation of the metal from solution 
by means of zinc, a method similar in 
some respects to that described by Mr. 
Morgan. 


The Effect of High Copper Content on the 
Operation of a Lead Blast Furnace, and Treat- 
ment of the Copper and Lead Produced 


e 


DISCUSSION 
(P. C. Feddersen presiding) 


H. R. BIANCO*#—I should like to 
ask Mr. Collins if that statement he made 


: ‘about the addition of drosses to the blast 


furnace slowing down the blast furnace 
is a result of his own experience or a 
result of the experience of some older 
metallurgists; and perhaps I should ask 
him to define the type of drosses that he 
means. — 


A. A. COLLINS (author’s reply)— 
That has been my own personal experi- 
ence with dross. On various occasions at 
Chihuahua we attempted to incorporate 
the dross in our regular blast furnace 
charge and to shut down the dross re- 
verberatory to try to save some money. 
As expected, we had very poor results. I 
think that Ed Fleming will well remem- 
ber on one occasion, that was back about 
1933, when we attempted the first experi- 
ment along this line, and as a result of the 
sulphur addition to the blast furnace to 
matte out the copper we ended up with 
hanging furnaces and mushy slags and 
abandoned the dross experiment, once 
again turning to the use of the reverbera- 
tory for handling dross. 


—~H. R. BIANCO—Is that dross you 
refer to from the drossing kettle? 


A. A. COLLINS—Yes; the dross that 


_I am referring to came from drossing 
kettles. Furthermore, to back up my 


previous assertion, I had occasion in 
1943, while up at Leadville, to once 
again experience the routing of dross 
through the blast furnace with its sulphur 
addition, since they had no dross re- 
verberatory, and to observe that once 
the dross was removed, the furnace was 
speeded up almost 100 tons a day. All of 
these are personal experiences and I 


* St. Joseph Lead Co., Herculaneum, Mo. 
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By A. A. COLLINS 


think that Mr. Feddersen also has 
had a little experience along this line 
—in fact, I believe all of us have had some 
experience. 


H. R. BLIANCO—I know at Trail they 
recirculate considerable dross through 
the blast furnaces and we also recirculate 
dross at Herculaneum and I am not 
aware that it has done much towards 
slowing down the blast furnace. 


A. A. COLLINS—We have always had 
very poor results. In the first place you 
have got to add a sulphur addition to 
pick up that copper and once you do 
that, that sulphur is apt to combine with 
some of the zinc and you are going to 
form a little mush; before you know it 
you have furnace hangs and a poor work- 
ing furnace. Now of course that depends 
on the amount of zinc you have on 
charge. But in 1943, Leadville had rough- 
ly about 7 pct zinc in their slag and it 
worked very poorly. Previously when 
they had 4 or 5 pet zinc in their slag it 
did not matter. 


B. L. SACKETT *—At Tooele we had 
a great deal of experience with copper. 
We have always been able to keep a 
lead well, however, in spite of the fact 
we have run as much as 5 pct copper and 
only 15 pet lead on the charge. But re- 
garding the handling of dross, our dross 
reverberatory furnace is only 7 or 8 years 
old. Before that we recirculated the dross 
through the furnace and thought we were 
doing a pretty nice job. Of course these 
things are all more or less relative—in 
other words you establish a certain con- 
dition much better than one of a few 
years ago and possibly as good as any 
other of which you know and you think 
you have pretty good results. 

When we first took the dross off of the 
blast furnace and put it through the dross 


* Tooele Smelter, Salt Lake City, Utah. 


reverberatory furnace we immediately 
found out that we had gained something 
very real in furnace speed. Since that 
time there have been occasions when, 
because of the dross reverberatory being 
down, we have had to use dross again 
through the blast furnace and that has 
checked our original experience in: slow- 
ing down the furnace very definitely. - 
So we feel that a dross reverberatory is 
a very valuable asset at the Tooele Plant. 


A. A. CENTER*—Mr.  Sackett’s 
being here reminds me of trying to run 
with a minimum of lead concentrates the 
maximum of dross producing electrolytic 
zinc plant residue. He came up from 
International Smelting Co. to help us get 
started on that. 

We took an old copper blast furnace at 
Great Falls, Montana, and made a lead 
furnace out of it by putting a lead well on 
the other long side which of course is a 
very unorthodox lead blast furnace. Our 
aim was to treat the residue from the 
electrolytic zinc plant, as I said, with a 
minimum of lead concentrates. That 
meant a maximum amount of dross. At 
that time selective flotation was not gen- 
eral practice, so our zinc concentrates 
ran relatively high in copper and other 
dross-producing elements; and of course 
these were largely in the zinc plant resi- 
due. I think we might call it muscle 
metallurgy, but we had an interesting, 
successful experience there and we ran for 
over a year thanks to Mr. Sackett’s help- 
ing us get started. | have the details, but 
time does not permit. We did well enough 
so that the A. S. and R. Co. at East 
Helena kept boosting up the offer to us 
for the electrolytic zinc plant residue and 
there was not enough lead concentrate to 
supply two lead smelters there in Mon- 
tana, so the matter finally finished up by 
the A. S. and R. Co. taking all of the 
residue under long term contracts. 


* Consultant, San Francisco, Calif. 
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The Use of Oxygen-enriched Air in the 
Metallurgical Operations of Comineo at 


Trail. B. C. 


By R. R. McNAUGHTON, T. H. WELDON, J. H. HARGRAVE, and L. V. WHITON 


DISCUSSION 


(P. C. Feddersen presiding) 


P. C. FEDDERSEN*—Mr. Weldon, 
how far do you think you can go on that? 
That is, how much oxygen could you use, 
what percentage? 


T. H. WELDON (authors’ reply)— 
That is the very interesting part of this 
investigation. The boys have just been 
theorizing a bit and it might be possible 
eventually to use pure oxygen in the zinc 
roasting in which case you could make 
100 pet SO2. Of course, you would have to 
redesign your furnace completely and 
have to supply a great amount of cooling 
to control temperatures. In some of the 
newer acid production methods where 
they use a cyclic process, 100 pct SO: 
would be very valuable. That would be 
an ultimate goal. 


A. Y. BETHUNE— What sort of zinc 
extraction do you get using the oxygen- 
enriched air in place of straight air in the 
roasting process? Does it change the 
leaching characteristics of the calcine in 
any way? 


T. H. WELDON—No, I do not believe 
it does; actually with good roast using 
air only you will get, I think, as good a 
calcine as with oxygen-enriched. 


A. Y. BETHUNE—Then in your 
opinion the application of oxygen en- 
riched air or even straight oxygen would 
not have an adverse effect on the leaching 
properties of the calcine? 


T. H. WELDON—No. We have run 
tests in our experimental roaster using as 
high as 50 pct O2 and 50 pct air, and 
calcine produced is very similar to normal 
plant calcine. 


* Bunker Hill Smelter, Kellogg, Idaho. 
+ Sullivan Mining Co., Electrolytic Zine Plant 
Kellogg, Idaho. 


C. C. LONG*—Mr. Weldon, you told 
us how use of oxygen in suspension roast- 
ing increases the capacity. At Joseph- 
town we have the opposite problem. 
When operating on typical low zinc, high 
iron concentrates we find suspension 
roasters quite flexible as regards capacity. 
When operating on high grade concen- 
trates relatively low in iron, operations 
proceed smoothly at 150 tons a day. 
However, if the feed rate is cut down to 
the order of 130 or 125 tons combustion is 
apt to cease. It occurred to me that 
perhaps use of oxygen-enriched air might 
enhance the flexibility when oxidizing 
such concentrates. 


T. H. WELDON—That is a very good 
question. Actually I think the condition 
there is that an iron free zine concentrate 
is lower in thermal value than a high iron 
concentrate. Also the ignition tempera- 
ture is higher. In other words Sullivan 
concentrate with around 12 pct iron has a 
fuel value of 2200 Btu’s. Some of these 
sphalerite concentrates will have a much 
lower Btu value, in the order of 1800 
Btu, therefore heat is not available there 
to maintain ignition temperature, if 
radiation losses are constant, or if excess 
air or moisture is present. I quite agree 
with you that a low iron concentrate is 
a little harder to handle and the value of 
oxygen-enrichment would be greater with 
that type of concentrate. 

I did not mention that we also roast 
iron concentrates for the production of 
SO, for our acid plants. This iron concen- 
trate is a pyrrhotite. In the case of the 
iron concentrate a larger percentage of 
the oxygen is tied up as metallic oxides 
and the theoretically possible SO2 is only 
around 10 pet. Since theoretically possi- 
ble SO, concentration is about 10 pct, if 
you require high gas strength, oxygen- 


* St. Joseph Lead Co., Josephtown, Monaca, 
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enrichment is of much greater value 
there. 


W. F. JOHNSON*—I would like to 
mention in connection with Mr. Long’s 
question, that I did some work 10 years 
ago in oxygen-enrichment and found that 
the ignition temperature was considera- 
bly lowered with a slight increase in 
oxygen content so that it probably would 
require a much lower temperature to get 
ignition, and the furnace would not go out 
so readily. 


L. P. DAVIDSON{—In answer to Dr. 
Long’s question about suspension roast- 
ing of low iron concentrate, we had a 
concentrate which we roasted success- 
fully that had less than 2 pct iron. The 
only way we could roast that and get good 
tonnages was to updraft our furnace. We 
sent those data to Trail, but I think we 
were considered heretics. 

Frankly, I like a suspension roaster 
that is updrafted. You can, if you want 
to, put some air in on the bottom hearth 
to finish off those last few traces of 
sulphide sulphur, and your updraft will 
permit you to do it. We were limited on 
the tonnage we could treat, we had no 
waste heat boiler and had to take our 
gases to a chamber acid plant. We had to 
keep the temperature up to get sufficient 
concentration in our glover tower by 
updrafting the furnace. Taking the gas 
off from the top of the combustion 
chamber instead of down on the seventh 
hearth enabled us to increase our tonnage, 
decrease the sulphide sulphur in the 
calcine and we had a much better working 
furnace. ; 

Our dust loss, that is the collection in 
the cyclone, was no greater than when the 
furnace was downdrafted. 


a - poner: Smelting and Refining Co., Selby 
alif. 
+ Amer. Zinc Co., Monsanto, IIl. 


Concentration of the SO, Content of Dwight- 
Lloyd Sintering Machine Gas by Circulation 


DISCUSSION 
{P. C. Feddersen presiding) 
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By W. S. REID 


R. R. McNAUGHTON *—The Smelt- 


* Consolidated Mining and Smelting Co.. of 


Canada, Ltd., Trail, B. C. 


ing Co. and Mr. Reid and his men at 
Selby are to be congratulated on the job 
they have done on sinter gas recircula- 
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tion. L think it is not going to be very 
long before most companies that have a 
sulphur dioxide emission problem will 
realize that they must collect and fix that 
sulphur some way. 


T. E. LLOYD*—Between the wind- 
boxes, did you have dead plates? 


W. 8S. REID (author’s reply)—Not a 
dead plate as such. Ordinarily we think 
of a dead plate as a solid cast iron plate 
some 20 or 22 in. wide. Between our 
windboxes in the recirculation units there 
is a light plate, flat shaped but tapering 
off at either end; just an umbrella, we call 
it. It does prevent passage of excess air 
which otherwise would pass through the 
ribs of the pallet. 


T. E.. LLOYD—Just 
pallets? 


between the 


W. S. REID—Wide enough to extend 
between two ribs of the pallet. 


T. E. LLOY D—I was interested in the 
fact that you cool the gas there and then 
abandon it. The Tennessee Copper Co. 
at Copperhill, Tenn., are cooling a 
~ terrific amount of gas. Would you proba- 


* Engineers Inc., Newark, N. J. 


_ Autogenous 
Concentrate in Multiple-hearth Furnaces 
at 


DISCUSSION 


(P. C. Feddersen and T. D. Jones 
presiding) 


W. G. WOOLF*—The paper has a 
wealth of data that take careful, de- 
tailed study. As has been indicated the 
highlights can be only touched in the 
paper. The design and the arrangement 
of the rabble teeth as well as some of the 
_-other details of operation show a very 

careful study and a scientific approach 

_to the problem which in most plants 
using hearth roasters are matters of trial 
and error with empirical conclusions and, 
perhaps too often, just arbitrary super- 
__yisory preferences which may be er- 
roneous. Here the problem has been 
approached from a scientific angle which 
I think well merits careful study. The 
ability to treat the tonnages they get 
through these furnaces I think is made 
easier by reason of the high sulphide 
sulphur in the resulting calcines which 
the balance of the plant—the leaching 
and so on—can cope with. — 

As indicated by Mr. Weldon in his dis- 


_ * Bunker Hill and Sullivan Co., Kellogg, 
Idaho. 
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bly succeed better if you took the con- 
siderable amount of moisture out and 
recirculate the gas? What did you notice 
in the difference when you were running 
it? 


W. S. REID—There are advantages 
in cooling and also in taking the moisture 
out, but our problem was entirely a prac- 
tical problem. By getting the ducts cold, 
especially due to the periodic operation of 
Dwight-Lloyd Sintering Machine wherein 
you must close it down periodically to 
clean the windboxes, any moisture you 
get into that flue system just corrodes it 
greatly. It went out on us in a short time. 
We then tried stainless steel flues, and if 
the moisture is in there they go out just 
the same. We eventually wound up by 
using a lead flue from our second-over 
machine which is used periodically only. 
Lead itself stands up all right, but the 
expansion and contraction broke the lead 
flue so we were constantly welding the 
flue to keep it from leaking SOz into the 
building. We have eventually wound up 
by using wrought iron, as our tests show 
that wrought iron, insulated to keep the 
pipes warm all the time, presents no 
serious corrosion problem. Cooling causes 


condensation of moisture and the flue 
goes out in a hurry. 


T. E. LLOYD—You spoke of segrega- 
tion, do you mean you attempted to put 
the charge on the pallets in such a way 
that you did not even have a segregation 
on the pallets? 


W. S. REID—No, it is exactly the 
reverse of that. We want the segregation 
there, that is, a uniform segregation of 
the coarse material on the grates to form 
a grate dressing. Major segregation of 
coarse and fine from the feed hopper 
itself is bad. If the feed can be kept 
flowing uniformly out of the feed hopper, 
then by close regulation of the talus pile, 
there will be a uniform rolling of the 
coarse particles to the grate with no 
sluffing, and no slides; then a uniform bed 
throughout the machine will be obtained 
and that ties right in with the concentra- 
tion of gas. 


T. E. LLOY D—You found it necessary 
to have fresh air come in from around the 
muffle? 


W.S. RE[D—Immediately in front of 
the ignition muffle until the bed is well 
under way on ignition and burning well. 


Roasting of Low-grade Zine 


Risdon. Tasmania 


By J. A. B. FORSTER 


cussion earlier this morning, in most zinc 
plants an attempt is made to have as low 
a sulphide sulphur content in the roaster 
calcine as possible. But in the operation 
of the Risdon plants, they are able to 
cope with sulphide sulphur content up to 
5 pet which is far beyond the amount of 
sulphide sulphur that can be handled 
elsewhere. I think the autogenous roast- 


ing is made easier because driving out the 


last percentages of sulphide sulphur 
brings on the necessity for extraneous 
heat, and that is further exemplified 
because even at Risdon the author shows 
the desirability of using some oil to better 
the operation, particularly for uniformity 
of roasting results and to obtain more 
regularity of furnace operation. 


A. A. CENTER*—Regarding the 
hard crusts in the beds of the furnace and 


autogenous roasting, the paper speaks ~ 


of the former being due, at least to a 
considerable extent, to lead sulphide in 
the crusts. I wonder if the author has 
considered the hard crusts as being due 
in large part to zinc sulphate. While I 
was developing large zinc operations we 


* Consultant, San Francisco, Calif. 


ran into hard crusts which had to be dug 
up. I took several lumps which were so 
hard they showed the marks of the rab- 
ble teeth very plainly and kept them in 
my office for some weeks. A visitor came 
along one day, and as he was having 
similar troubles, I told him what we were 
doing about ours. I started to pick up 
one of these lumps and to my amazement 
the thing crumbled in my hands whereas 
originally it had been so hard it wore the 
rabbles down very rapidly in the furnace. 
I sent the sample to the laboratory and 
found that it analyzed very high in 
water-soluble zinc and sulphate-sulphur. 
The crumbling of the lumps was evi- 
dently due to the anhydrous zinc sulphate 
gradually taking on moisture from the air 
and forming crystalline zinc sulphate 
seven parts water. The increase in vol- 
ume would, of course, result in disintegra- 
tion of the lumps. 

As to getting a high tonnage in the 
autogenous roast, that is partly because 
of finishing at about 5 pct sulphide sul- 
phur. It is a real job to get down to, say, 
4 pct sulphide sulphur, which is what is 
usually desired, and still put through a 
good tonnage. 
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Autogenous, multiple-hearth roasting 
of zinc concentrates usually yields cal- 
cine analyzing not much under 5 pct 
sulphide sulphur. For example, a litho- 
pone plant which had been used to 
treating only zinc wastes bought some 
calcine, immediately ran into troubles, 
and called me in. On finding where they 
were buying the zinc calcine, I knew they 
were getting calcine produced from zinc 
concentrates in an autogenous, multiple- 
hearth roaster operation, and that the 
calcine would probably run around 414 
pct sulphide sulphur. This proved to be 
the case in spite of several disclaimers. 

It is to be noted that the above discus- 
sion was sent in at the request of the 
AIME staff, and is based only on the 
abstract of the paper as heard at the San 
Francisco meeting. 


J. A. B. FORSTER (author’s reply)— 
Mr. Woolf is quite correct in thinking 
that the means used at Risdon for re- 
covering unroasted sulphide from calcine 
make it easier to obtain very high roast- 
ing rates. Advantage has been taken of 
this at times to make up for shortage of 
roasting capacity by tolerating an un- 
economically high sulphide sulphur in 
calcine. 

The Risdon provision is unique in 
being a flotation unit which returns to the 
roasters a concentrate that can be roasted 
autogenously. It is not unusual in other 
roasting plants to screen the calcine, 
crush the oversize and re-roast it, either 
alone with the assistance of extraneous 
fuel or mixed with new concentrate. In 
such cases the calcine assay quoted is 
usually that of the screen undersize. It is 
not easy to compare the performance of a 
roaster treating low grade concentrate 


and delivering unscreened calcine with 
one working on high grade concentrate 
and- screening the product, but the sul- 
phide in Risdon calcine is mainly in the 
coarse fraction. 

By sacrificing some roasting capacity 
to give the material longer time in the 
furnace, the sulphide left in the coarse 
fraction can be reduced considerably, but 
in this case so little heat is evolved in the 
lower hearths that extraneous fuel is 
needed to maintain roasting temperature. 
This has been a common practice. 

Additional roasting time can be given 
in the lower hearths by modification of 
rabble teeth; and since more roasting is 
then done in these hearths, the amount of 
extraneous fuel needed is less. The author 
hopes to demonstrate at a later date that, 
by carrying modification of the rab- 
bling system to the logical conclu- 
sion, a very thorough roast can be ob- 
tained at a high hearth rate, and strictly 
autogenously. 

Dr. Center’s observations are correct, 
insofar as they went. There is a great 
difference in conditions if the space be- 
tween hearths and teeth is filled with 
material partly roasted or with sand. In 
the first_case, if the immobile beds are not 
hand-stirred every two or three days they 
become so hard that heavy bars and 
hammers are needed to chisel them. In 
the hottest zone where the material still 
contains much sulphide there is little or 
no sulphate formation, the binding of the 
bed being due to the condensation of 
galena vapor from the mobile bed, 
galena having a vapor pressure of 2 mm 
at 850°C and 4 mm at-920°C. Galena also 
condenses on the teeth which are cooler 
than the mobile bed, and the resulting 
drag on the hard hearth cake can stop a 


furnace or break rabble arms. Of course a 
galena-free concentrate would behave 
quite differently in these hearths. 

It is in the lower hearths, where the 
material is much more completely roasted 
and temperatures are well below that of 
its decomposition that. zinc sulphate 
forms in the immobile beds. Sulphation is 
accompanied by expansion of volume and 
there develops an upward pressure 
against the teeth which is just as damag- 
ing as the drag in the hotter hearths. 

When the immobile bed space is filled 
with sand the conditions are somewhat 
different. In the hotter hearths galena 
vapor still penetrates the bed causing 
some consolidation, and galena crusts are 
formed on the teeth; but provided the 
latter are replaced by clean ones every 
two or three weeks no drag develops 
until the bed is fully consolidated—a 
process which takes over three months if 
excessive temperatures are avoided. 
Owing to changes of temperature in 
hearths, columns and rabbles, and to 
growths on teeth, some sand is lost from 
the bed surface and is replaced by a crust 
similar to ordinary hearth cake, but as 
long as the crust is relatively thin and 
there is some unconsolidated sand below, 
no trouble occurs. 

In the lower hearths the crust which 
forms in the same way is quickly sul- 
phated, but as it is very thin no notice- 
able drag develops. The crust thickens 
slowly, and it is probable that under 
slight pressure some sand is gradually 
squeezed out laterally, but the beds 
remain in good condition for at least nine 
months, except around drop-holes and 
close to the walls where necessary clean- 
ing results in loss of sand; consequently 
these beds are renewed twice a year. 


Development of the Modern Zine Retort 
in the United States 


DISCUSSION 


(L. P. Davidson presiding) 


A. E. LEE, JR. (author)—In addition 
to the paper we should like to make a few 
remarks. First, the seriousness of bending 
of the clay retort cannot be overem- 
phasized. Not only did bending limit the 
length of the vessel, but it permitted 

- corrosive fluid slags to concentrate in the 
belly of the retort and thus increased the 
possibility of boring. Bending also prac- 
tically prohibited the use of cleanout 
machines and increased the danger of 
excessive fume losses by allowing furnace 
gases to escape around the top of the 
retort mouth. 
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It will be noted that the Blackwell 
pottery practice places considerable em- 
phasis on careful drying of retorts. Per- 
haps it is another smelter superstition, 
but traditionally the aging of retorts be- 
yond a reasonable drying period has 
been considered important to long life. 
We are unable to give a good explanation 
of why aging should improve retorts. 
During the past fall in an attempt to 
prove a theory that the combined water 
in the clay decreased during aging, about 
50 samples of wet retort collars were 
placed in a dry room when it was closed. 
Loss cf weight, combined water and free 
moisture were measured each week over 
the 100 day drying period. The affinity 


of the dried retort for moisture makes 
difficult the accurate measurement of 
free water; however, there was a clearly 
defined free moisture change from about 
12.5 pet when freshly made to about 2 
pet at the end of 18 days, then a gradual 
loss to about 0.25 pct at 70 days and an 
apparent equilibrium near this figure 
through the 100th day. There was no 
appreciable change in the combined 
water. The change in weight of the aver- 
age sample was, however, rather unusual, 
there being consistently a loss of weight 
throughout the entire 100 days. From the 
63rd day on this leveled off to about 
0.03 pct per week. These were small 
samples and certainly should have dried 
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somewhat faster than the larger retort. 
Possibly the drying process continued 
although at a very low rate during the 
last 30 to 40 days and this caused the 
weight change, but our method of de- 
termining free moisture was not accurate 
enough to record it. In any event we have 
concluded that our test did not show any 
evidence of change in structure through 
loss of combined water. 

An important characteristic and defect 
of the silica retort is its inability to with- 
stand sudden temperature change. This is 
very important in starting up a furnace 
block. Until recently we had started a 
new block by filling it with green dried 
retorts, lighting the drops at a minimum 
gas setting and gradually bringing the 
new brickwork and green retorts up to a 
charging temperature over several days. 
This is, of course, a delicate operation 
and it is most difficult to hold the gas 
flames so low at the start as not to touch 
any of the retorts, especially those in the 
second row. We averaged a loss of at least 
half the original retorts during the first 
3 or 4 charge cycles. A major cause of 
retort failure was checking about 2 ft 
from the mouth where the tip of the 
~ flame had touched the retort during the 
period of low gas firing. Recently the idea 
was conceived to close up the front of the 
furnace with butts and bring up to about 
the heat of a retort preheat kiln; then 
put in hot retorts. This method has been 
used—on the last 3 blocks started with 
excellent success. The extra labor re- 
quired has been more than offset by 
savings in retorts and by achieving 
normal recoveries several shifts earlier. 
An opportunity is afforded to measure 
accurately the life of the original 800 re- 
torts and this was done on the first block 
started in this manner. The average life 
of the 800 original retorts was 34.23 
cycles compared with 26.43 for all re- 
torts in all our furnaces during the same 
period. 


ARTHUR D. TERRELL*—That 
paper just given is exceedingly interesting. 
You only have to look at me to know that 
I can go back in history further than my 
Blackwell friends. As regards the first 
retort presses used in this country, they 
were I believe installed by the New 

Jersey Zinc Co., one of them at Bethle- 
hem, Pa., and the other at Joplin, Mo., 
the old Empire Zinc Co. I became identi- 
fied with the zinc industry in 1899 and 
went to Iola, Kansas in 1900 with a Mr. 

George E. Nicholson who sold his plant 
to the New Jersey Zinc Co. and I re- 
mained with it for 22 years. 

These presses were installed about 
1898. They were abandoned as far as 
those plants were concerned, and one of 
them was shipped to the Prime Western 
Spelter Co., Iola, Kansas, plant about 
1903. 

As regards the oval retort, they are 


used not only for increase in strength due ~ 
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to the type of cross-section, but the heat 
penetration is better. 

My recollection is that in a number of 
horizontal retort plants in the early days, 
a pottery consisted of two floors: one, 
where the retorts were made and were 
set on that floor for a few days until they 
got dry enough to be handled; then they 
were elevated by a one-retort-capacity 
hand elevator and put on the second 
floor, remaining there until they were 
taken out for use in the furnaces. 

A small percentage of the zinc that 
goes into the walls of a fire clay retort, 
forms spinel. 

With regard to the carborundum re- 
tort, I was with the New Jersey Zinc Co’ 
when they made the first ones at Palmer- 
ton, Pa., and followed the results fairly 
closely. They were tried at some of their 
other plants, but never were permanently 
adopted as far as my knowledge goes. 

The National Zinc Co., Inc., Bartles- 
ville, Okla. made a test run on silicon 
carbide retorts several years ago, but did 
not continue their use. There have been 
some very unfortunate experiences and 
very expensive ones with the trial of 
carbide retorts. One of the difficulties, I 
believe Mr. Lee has not touched upon 
is the question of keeping down the 
blistering on the outside, particularly 
where you use natural gas as a firing fuel. 
That not only tends to weaken the re- 
torts but makes it very difficult to get 
them out of the furnace after they have 
been in service for many months. 

As far as making the retort is con- 
cerned, the indicated pressure we use for 
making the butt of a retort is between 
2000 and 2500 psi, and the pushing out 
pressure is about 1200 psi. Of course, I do 
not think those refer to the pressure Mr. 
Lee has in mind. Now it is true that it 
seems advisable to dry clay retorts for a 
minimum of 30 days, unless accelerated 
drying is used. However, I will mention 
one experience we had with one of the 
New Jersey Zinc Co. plants at Collins- 
ville, Okla. It had just been started the 
year before I became connected with it, 
and it grew faster than the pottery 
capacity did, and we got down to a 10- 
day life of retorts in the pottery. I confess 
I was very much disturbed thinking that 
we might have to dead fire some blocks 
in order to catch up on our retorts. But 
we ran that plant for a little while on 
retorts that were dried only about 10 days 
until we could get more rapid production 
of retorts which we did by putting in a 
new pump and a Simmons valve. Our 
hydraulic press capacity was then about 
250 retorts in an 8-hr day instead of about 
100 retorts. 

As regards starting up a furnace with 
silica flour retorts, our experience has 
been just about what Mr. Lee’s com- 
pany’s experience has been, and we had 
some very unfortunate results in high 
loss of retorts. The next time we start up 
a block of furnaces we are going to do 
about the same as Blackwell has done. 


A. E. LEE—One thing I forgot to 
mention is a printing error in the first 
sentence of this paper. That is the daté 
when commercial scale use of horizontal 
retorting began in the United States; 
that should be 1860 instead of 1890. It is 
interesting to note that Matthiessen and 
Hegeler at LaSalle. Ill. have been operat- 
ing since 1860. 


K. MORGAN*—It is a little difficult 
for me to comment on Mr. Lee’s paper 
because our practice today at Avon- 
mouth and also, I think, throughout 
Europe generally, differs in almost every 
respect from that outlined by Mr. Lee. 

For instance it appears to be the gen- 
eral practice in the States to use either 
the silicon carbide type of retort or the 
silica flour type. We do not use either. 
We use an all clay mix. Then again on the 
question of de-airing, we have tried de- 
airing, but do not find it gives us any 
advantage. On our standard mix we use 
Belgian clays. During the war, for ob- 
vious reasons, we could not get Belgian 
clays and we had to use English clays. 
These have not the plasticity of Belgian 
clay and with them we do find we get 
some advantage from de-airing, but on 
Belgian clays there is no advantage at all. 

There are a number of other difficulties 
which I am afraid would take up too 
much of your time, but I should like to 
make a few points: 

The first is on this question of life. 
Figures for life can be very deceptive. 
You need to know the amount of zinc 
that is produced, since if you do not drive 
your retorts, you can get almost what 
life you like. It is only when you are 
pushed for output and have to strike a 
balance between output and life that life 
figures become significant. I should like 
to know from Mr. Lee how much zinc he 
makes per day from each retort. Our 
retorts are fairly big. We make about 77 
lb of zinc a day from each retort. At the 
moment we get about a 27-day life and 
while we are always trying to improve it 
we have not been able to do so without 
being prepared to drop output. 

The next point on which I should like 
to have Mr. Lee’s comment and also that 
of the previous speaker is on the question 
of holing. We have to use ores containing 
anything up to 14 pct iron. The reason 
why most of our retorts fail is due to 
holing and when this occurs we find it is 
generally associated with laminations in 
the retort. We think that if we could stop 
the formation of laminations during ex- 
trusion we could greatly reduce our 
retort failures. 


A. E. LEE—In answer to your first 
question about the life of the retort in 
terms of zinc produced, I agree this is a 
more accurate criterion than days. We 
do not figure it in terms of zinc but in 
terms of retorts per ton of sinter or zinc- 
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bearing material charged. In recent years 
we have gotten about 0.6 retort per ton 
of sinter. 

I believe that the clays you have in 
<urope are somewhat more refractory 
than the ones we have available here in 
the States and that they withstand a 
higher temperature without bending. 
That perhaps accounts for your success 
with the straight clay retort. 

Insofar as slagging is concerned, we 
have had some bad experiences with ores 
running as high as 12 to 15 pet iron. With 
ores of this character we have found 
retorts with the bottom half filled with a 
very hard iron slag after a period of sey- 
eral shifts. 

As you point -out, boring or holing 
occurs with furnace charges containing 
appreciable amounts of iron. This effect 
can multiply retort losses when the fluid 
slag drips down‘on retorts below. We at- 
tempt to control this by close firing so 
that during the latter part of the furnace 
cycle the charge is not so barren that the 
heat absorbed can be used to make the 
slag active. 

Regarding laminations, we do not have 
much of that. We think perhaps this is 
one of the advantages of our de-airing 
pug mill. 


L. P. DAVIDSON*—Mr. Morgan, in 
your slagging troubles are they all at- 
tributable to iron alone or do they be- 
come worse with a larger amount of lead? 


K. MORGAN—No, I do not think we 
ever attributed trouble to lead. In every 
case we find the corrosive slag is an iron 
silicate. 


L. P. DAVIDSON—It is not due to 


the formation of a very fluid lead silicate? 


K. MORGAN—Not in our experience. 


A. D. TERRELL—I might say we 
have at times gotten over 85 Ib of zinc 
per retort. Most of the smelters are using 
the 48-hr cycle now and you do not reach 
as high top temperature to work off fur- 
naces as you do on a 24-hr cycle, and 
that makes a difference in life of retorts. 


C. R. KUZELL{—It has been very 
refreshing to hear this paper in a field of 
metallurgy that most of us in other fields 
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of metallurgy were always led to believe 
was rather stagnant. From what I am able 
to gather, having heard from some fel- 
lows of the modern-day cost of building 
electrolytic plants, it looks as if we are 
still going to be confronted with dealing 
with retort plants for some time. 

Since we on the selling end are inter- 
ested only in the question of zinc pro- 
duction to the point of producing zinc 
concentrates and selling them to these 
retort and other plants, of course the 
matter of retort life is of interest. We 
are often irritated by those settlement 
sheets showing the high penalties for iron 
and other fluxing impurities which cause 
a failure of these retorts about which we 
have been hearing. Consequently I have 
three questions which are prompted by 
ignorance, curiosity, and selfishness—by 
ignorance because I have never seen a 
zinc retort, by curiosity because I am 
naturally curious, and by selfishness be- 
cause of the irritation that arises from 
seeing these high deducts. 

I would like to ask three questions: 
(1) What is the porosity of these retorts? 
(2) What is the relative loss of zinc 
through the walls of the retort? (3) Why 
have they never made retorts of basic 
refractories? As the basis for answering 
the question I would like to specifically 
recommend the hypothetical use of 
chemically bonded periclase subsequently 
burned and then used as a retort. 


A. E. LEE—I do not know of any 
figure for retort porosity as such. How- 
ever, we do have figures on the amount of 
zinc absorbed in the retort walls. As 
previously stated this was 7-9 pct of the 
retort weight with clay retorts. At 
Blackwell we recently assayed used silica 
retorts with a furnace life of about 26 
cycles and found only 0.9 pct zinc. It 
has also been estimated that 2 pct of the 
zinc in the charge was lost through the 
walls of clay retorts and this is borne out 
by the deposits in the regenerators of 
some of the old producer type of fur- 
naces. But I do not know any figure to 
give you on the carbide or silica retorts. 

In regard to use of other refractories, I 
would say off hand that they might have 
the same failing as the early cast carbide 
retorts—they cannot stand the heat 
shocks. I would like to know what Mr. 
Terrell might think on that subject. 


A. D. TERRELL—I feel what Mr. Lee 
has said would be the difficulty. They 
would not stand the thermal shock. 


C. R. KUZELL—I would like to point 
out that four decades ago the copper 
industry in bessemerizing copper matte 
for the production of blister copper de- 
parted from clay and silica linings and 
adopted basic linings of magnesia. In 
some of the more recent years some of 
the plants have used periclase, which is a 
purer magnesia—purer than formerly 
used in magnesite brick. That has been 
used in the form of rammed linings and 
also in the production of the bricks where 
bricks continue to be used. The convert- 
ing process is also cyclical and subject to 
thermal shock but nevertheless the use 
of the basic material has been highly 
successful. It would seem to me that if 
those who get penalized for excess iron in 
selling zinc concentrates would use a 
basic refractory like magnesia which 
would not be corroded by the iron and 
other fluxing constituents of the concen- 
trates maybe we would be better off and 
get rid of some of those deducts. 


A, E, LEE—There has been some ex- 
perience with that type of lining. In 1900 
Benjamin Sadler patented a non-corro- 
sive retort lining. The lining consisted of 
magnesia, chromite or carborundum 
which was ground to pass a 20-mesh 
screen. A regular dried retort was coated 
on the inside with sodium silicate. Then 
the ground lining was added and the 
retort rotated until a uniform }¥ in. lining 
was obtained. The lining was burned into 
place when the retort was preheated for 
furnacing. This lining resisted iron slags 
but as in the case of the cast carbide units 
it cracked easily and let the slag attack 
the retort. 

Queneau also worked out a means of 
making retorts consisting of layers of 
different materials. The inner layer was 
of a material resistant to attacks by the 
change, the outer layer of a material 
resisting the action of the firing fuel, and 
the inner layer to form the body of the 
retort and give it strength. This vessel 
was unsuccessful because of the tendency 
of the layers to contract and expand at 
different rates, causing separation and 
cracking. 


Controlled Drying of Retorts 


DISCUSSION 


(L. P. Davidson presiding) 


A. E. LEE*—I would like to ask Mr. 
Neale if he has determined the moisture 
content of his dried retort. Also, has he 
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ever experienced difficulty with bending 
in the dry room where the green wet 
retorts contain 17 pct moisture and are 
placed 3 in. apart? 


M. M. NEALE (replying for authors) — 
I cannot answer your first question as we 


have had no experience with that. Setting 
the retorts 3 in. apart, we had no trouble 
with bending. We thought we would, an- 
ticipated. we would, but did not. 


L. P. DAVIDSON*—You mention, 
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Mr. Neale, in your opening remarks that 
some of your colleagues in the zinc in- 
dustry were somewhat skeptical about 
the use of it. I can say from second-hand 
knowledge that about 15 years ago the 
Hohenlohe people in upper Salesia had 


some sort of patented scheme basically 
such as you have done here and as the 
demand for zinc in 1937 came along they 
had a number of furnaces down—down 
for a long time, and did not have an ade- 
quate supply of retort to start with. They 


used in principle the same process that 
you did and they were using the clay 
retort Mr. Morgan described. They had 
very successful drying, cut down their 
retort inventory tremendously, and they 
were very well satisfied with it. 


Development of Muffle Furnaces for the 
Production of Zine Oxide and Zine at 
Kast Chicago. Indiana 


DISCUSSION 


(L. P. Davidson presiding) 


E. D. HY MAN*—How much sorting 
of scrap is done? 


G. E. JOHNSON (author’s reply)—We 
do practically no sorting. We charge 
“run of mine”’ scrap to the furnace. The 
unmeltables, mostly iron, are in such 
demand today that there is no difficulty 
in disposing of them. It may soon be 

~ desirable to sort out from the unmeltables 
as much of the brass as possible. 


J. J. BRUGMAN{—We have some- 
what similar problems in the secondary 
aluminum business. What is your method 
of removing the unmelted material from 
the furnaces? Why have you such an 
apparently small space in which to charge 
your materials? Do you find that you 
have to seal that opening, or can you 
have it open and continuously charge 
at one end and pull out the other? 


G. E. JOHNSON—Our means of melt- 
ing scrap is efficient only to the extent 
that we use the waste heat from the va- 
porizing chamber to do the job. It is a 
batch process. We open the charge door 


and place the scrap on the hearth by 


hand shoveling. The door is then closed 
during the melting down period. After 
the melting is complete, the opposite door 
is opened and the unmeltables are raked 
out. The doors are approximately 314 
< 41% ft and are not sealed during the 
process only closed. They are nominally 
tight. Some metal is oxidized in the 


~ process. We have visualized a means of 


conveying the materials through this 
melting unit with the metals that are 
melted trickling out during its travel. 


T. H. WELDON{—Mr. Johnson, in 
line with the last question, is it necessary 
to seal the furnace between the melting 
down and the vaporizing unit, or have 
you got an inverted syphon in the bottom 
of the chamber? 


G. E, JOHNSON—That was one of 
the first things we encountered. We had 
to have a sealed opening, and it is a 
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molten metal seal. 

You have indirectly asked me another 
question, which was: ‘“‘Do you have to 
seal up the melting unit?” I would say 
we should exclude as much air as possible, 
although we are not too efficient in doing 
that. We allow the melting unit doors to 
be open when we charge and when we 
remove unmeltables. You can readily see 
that that would lead to the idea of having 
a controlled atmosphere in the melting 
unit, and I think this would do a more 
efficient job of melting the scrap. 


T. H. WELDON—How often do you 
charge the furnace? 


G. E. JOHNSON—We charge the 
melting unit, and rake out the unmelt- 
ables, about every hour. 


H. R. HANLEY *—Are any provisions 
made for controlling the rate of oxidation 
for the production of various size par- 
ticles for certain characteristics of the 
zinc oxide product? 


G. E. JOHNSON—Yes, there are 
many. You are getting pretty much into 
the fine points of zinc oxide manufacture. 
Some of us still think we have something 
to learn about that. In general, this 
muffle furnace as I have described it to 
you produces a rounded particle of zinc 
oxide which is generally formed by a rapid 
oxidation of the zinc vapor, followed by 
rapid cooling. We have gone to the other 
extreme in some of our experiments. We 
have changed the furnace to produce a 
type of zinc oxide, such as we thought 
was peculiar to American process zinc 
oxide, by controlling the temperature at 
the point of oxidation and maintaining 
that temperature for a much longer 
period of time than we do when we make 
the rounded shape. 

There are other relationships that this 
furnace readily provides. One of the im- 
portant factors is the ratio of air to zinc 
vapors. We can vary that by varying the 
air supply to the baghouse, or vary the 
rate at which we are vaporizing the zinc 
by the simple expedient of regulating the 
temperature over the carborundum arch. 
We have a number of variables that 
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permit us to produce all of the grades of 
French process zinc oxide from lead-free 
up through the highest grades of seal 
oxides. There are many controls that we 
can apply to the operation. What I have 
said is but a brief condensation. 


K. MORGAN*—Can Mr. Johnson 
give us some idea of the fuel consumption 
of the furnace? How much oil does he use 
per ton of zinc distilled) I am also in- 
terested to know what sort of heat trans- 
mission he gets through the arch? What 
is the thickness of the tiles used to con- 
struct the arch? Some time ago we built 
a small furnace for a different purpose, 
using a carborundum arch, and we found 
that the reflectivity of the molten zinc 
surface was so great we had to use a very 
high arch temperature. We found we 
made an improvement by having a layer 
of carbon on the surface of the zinc. Has 
Mr. Johnson had any experience on these 
points? Does he make any sort of insolu- 
bles which he leaves in the furnace which 
he cannot tap out? 


G. E. JOHNSON—I believe your first 
question was the fuel consumption. If I 
recall, somewhere in this paper there is a | 
test that I quote. I believe we used 800 
gal in a given period of time. Offhand I 
cannot translate that into tons of metal. 
I might also state that we have this 
understanding; that the carborundum 
arch, as the temperature becomes higher, 
becomes more efficient in heat transmis- 
sion. As a matter of fact, I believe it is at 
about 2600°F or higher that the highest 
efficiency of heat transmission becomes 
available. We have calculations that I 
cannot quote from memory which indi- 
cate that the carborundum arch does a 
really very fine job for this type of fur- 
nace. Another point that we had con- 
sidered was the fact that this furnace 
could be readily constructed so as to fur- 
nish an ideal source of heat for waste 
heat boilers. If a carborundum arch was 
used over the melting unit, we would 
have no zinc vapors in the gases at all— 
just clean combustion gases from which 
we would have removed some of the heat. 


L. P. DAVIDSON {—The insolubles? 


* Imperial Smelting Corporation, Avonmouth, 


England. : 
+ American Zinc Co. of Illinois, Monsanto, Ill. 
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G. E. JOHNSON—Insolubles to me 
means anything that we could not tap 
out of the furnace. Is that correct? Let us 
start with the new furnace first to be 
technically correct. As we charge scrap 
into any furnace of this type there is, of 
course, an absorption of metal by the 
brickwork. That is very small in these 
furnaces. In fact, our recoveries of zinc 
over all are better than 98, probably 
99 pct, accounted for. As far as I know, 
except for that furnace absorption and 
small amount of zinc we use in the 
molten-metal-seals, it all taps out of the 
furnace. You may be thinking of another 
thing on which I have not touched and 
that is the amount of dross formation in 
the melting of that scrap in the melting 
unit. There is a mush which sometimes 
might get into the vaporizing unit and 
form the insoluble you were thinking 
about. We have solved that. I mentioned 
a trough leading from the melting unit to 
the vaporizing unit. That trough, just 
before it enters the sealed opening, widens 
out to a large bath just outside of the 
vaporizing unit. If any dross forms, it 
collects on the surface of the metal at 
that point, and before it enters the 


vaporizing unit. We skim it off there in 
an opening provided in the furnace, and 
thereby prevent the very large part of the 
dross from ever getting into the furnace. 


L. P. DAVIDSON—That is, in that 
canal between the melting section and 
the vaporizing section? 


G. E. JOHNSON—Yes. 


E. D. HYMAN—My question con- 
cerns scrap—also scrap of the type you 
get from steel company’s galvanizing 
plants. Do you treat such scrap as that 
commonly called sal-skims ? 


G. E. JOHNSON—No, we do not, since 
sal-skims are oxidized, and this furnace 
is designed primarily for distillation from 
metallic, zinc-bearing materials. I thought 
at first you were going to ask me, do 
we treat galvanizer’s dross? We have 
treated much of that, as previously 
indicated. In treating galvanizer’s dross 
we have had to tap out a residue metal 
from the vaporizing unit toward the end 
of the run. In fact, we have carried the 
distillation so far that the irony-residue 
had to be removed by strong arm meth- 


ods, ‘‘muscular metallurgy.’’ We finally 
came to the conclusion that galvanizer’s 
dross should be treated in a furnace de- 
signed for that purpose. This is an in- 
teresting subject and I should like to 
know some of the answers myself. 


A. D. TERRELL*—Is there any ap- 
preciable amount of blue powder formed 
in condensing the zinc into metallic zinc? 


G. E. JOHNSON—Our figures indi- 
cate that less than one half of one per- 
cent of the zinc produced over a prolonged 
period of operation on zinc is formed as 
blue powder. That rather pleases us 
when you look at the figures which 1 have 
quoted on retorting where blue powder 
is very much more of a problem than it is 
on these furnaces. I think the reason is 
quite self-evident to us; we heat the con- 
denser—we have facilities for heating. the 
condenser before ever allowing the zinc 
vapors to enter. One detail I did not men- 
tion—we have a little outlet at the top 
of the condenser with a ball on it to 
relieve any excess pressure. 


* National Zinc Co., Bartlesville, Okla. 


El Paso Slag Treatment Plant 


. DISCUSSION 


(EL: P. Davidson presiding) 


A. E. LEE*—One question of the flue 
leading to the tube coolers. What gas 
velocity is maintained to prevent settling 
of the finely divided fume? 


T. J. WOODSIDE (author’s reply) 
30 fps. Of course some fume settles out, 
but is immediately carried away by the 
screw conveyors. 


H. R. BIANCO{—How effective are 
the soot blowers Do you have to use any 
hand lancing? 


T. J. WOODSIDE—Only one point, 
which is right at the top of the economizer 


_ * Blackwell Zinc Co., Blackwell, Okla. 
+ St. Joseph Lead Co., Herculaneum, Mo. 
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and which the soot blowers do not reach, 
we occasionally hand lance. But every- 
where else the soot blowers have been 
very effective and no hand lancing has 
been done. 


L. P. DAVIDSON*—Do you have 
considerable variation in the lead content 


of the fume collected if the lead is higher, — 


and is ‘there greater tendency for the 
fume to stick on the boiler tubes? 


T. J. WOODSIDE—There is very 
little variation in the lead content. From 
5 to 7 pet is the widest range variation we 
have had and we havé noticed no differ- 
ence in the behavior of the fume. 


C. R. KUZELL}—Mr. PWandee has 
been quite generous with data pertaining 


* American Zinc Co. of Illinois, Monsanto, Ill. 
} Phelps Dodge Corporation, Douglas, Arizona, 


to metal and fuel economics. I think he 
stated that the coal consumption of the 
furnace was 2349 lb for a pound of zinc 
recovered. I take it that that is the gross 
coal input to the furnace. I wonder what 
the net fuel consumption in terms of coal 
might be after crediting the fuel equiva- 
lent of the. waste heat steam recovered? 


T. J. WOODSIDE—The fuel value 
of the waste heat steam is approximately 
42 pct of the heat input to the furnace. A 
very large part of the heat, of course, goes 
out in jacket water—44. pct. 


A. D. TERRELL*—I would like to 
know how much lead is in the deleaded 
material. — 


Ed WOODSIDE=-It is a Kittle less. 
than 2 pet now. 


* National Zinc Co., Bartlesville, Okla. 
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The Morenci Smelter of Phelps Dodge 
Corporation at Morenci, Arizona 


DISCUSSION 


(A. A. Smith, Jr. presiding) 


A. A. SMITH*—This is a very com- 
plete description of one of the country’s 
major copper producing units, and I 
know that it is of great interest to the 
copper metallurgists. 


P. T. BENSON{—The matter of 
build-up of magnetite in a reverberatory 
furnace is probably of primary concern 
to any copper metallurgist, and I am 
much interested in Mr. McDaniel’s re- 
marks about using silica flux separately 
from the regular charge to combine with 
the converter slag iron rapidly and pre- 
vent deposition of magnetite. 

In the description of the converter flux 
makeup mixing of barren quartzite with 
the pit run ore reduced the alumina con- 
tent and the reason given for that is again 
to help reduce the formation of magne- 
tite. Have you conducted experiments 
enough to be able to tell us just where 
the breaking point in the alumina content 
of the converter flux is with regard to the 
formation of magnetite? 


L. L. McDANIEL (author’s reply)— 
Probably it is not so much a matter of 
quantity of alumina as it is the ratio be- 
tween silica and —alumina, although 
maybe both count. We try to keep a 
ratio of about 5 or 6 silica to alumina. 
Our pit ore will run about 314 to ratio. 


* American Smelting and Refining Co., Barber, 


+ American Smelting and Refining Co., 


Tacoma, Wash. 


- Distillation of 


DISCUSSION 


(A. A. Smith Jr. presiding) 


S. ROLLE*—As one who has been 
privileged to read Mr. Poland’s paper 
before its publication, I wish to express 
high praise for it and the record which it 
gives of the work done by the Research 
and Development Department of Revere 
Copper and Brass Inc. in developing a 
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We change that by adding barren quartz- 
ite until we get about the ratio we want. 
Then we find that if we use that flux 
alone it is apt to be rather violent. So we 
add revert material to bring the silica 
content down to about 65. We can 
hold around 63 or 65 pct silica with a 
silica: aluminum ratio of at least 5 to 1 
and get fairly good operation. 


ALLAN NORRO*—I have been travel- 
ing around visiting different smelters and 
I also used to go to Garfield. They get 
about 50,000 tons of copper per con- 
verter lining and there has not been any 
trouble with magnetite in the bottom of 
the reverb. I would like to know why you 
do not blow magnetite linings in your 
converters. 


L. L. McDANIEL—I think that is a 
matter of local practice or preference. 
Garfield has had very wonderful con- 
verter life which they get by magnetiting. 
We have not actually tried magnetiting 
at Morenci. But probably for the same 
reason that some other smelters have not, 
we think it might not be economical to 
take the time out to blow linings on a 
converter. 


ALLAN NORRO—It just takes 5 hr 
once a week and this 5 hr is still produc- 
tion. The production will lose about 2 hr 
a week, and it does not take down your 
capacity. 

L. L. McDANIEL—I repeat we have 
not yet done any magnetiting at Morenci. 


* Boliden Mining Co., Sweden. 


PAUL T. BENSON—We do practice 
magnetiting at Tacoma but do not get 
quite the life on converter lining that 
Garfield does. If we get 25,000 tons we 
consider that satisfactory. Sometimes we 
get 30,000 or better. We do not consider 
that much time is lost in magnetiting 
because you are blowing matte while 
making the magnetite lining. Our prac- 
tice is, after it is completed, to go right 
ahead and put more matte in and begin 
blowing slag. 


A. C. LOONAM*—I am interested in 
the fact that you installed multiclones 
instead of a cottrell.. Has this been 
satisfactory? 


L. L. McDANIEL—Our experience 
with multiclones on converter gases has 
been quite satisfactory. We have not 
tried the multiclones on extremely fine 
particle size, so I cannot’ give you any 
information on that; but on converter 
gases they have been satisfactory. 


PAUL T. BENSON—Mr. McDaniel 
might add something about. the multi- 
clone performance at Douglas. I observed 
that a few years ago and it seemed to be 
very successful. FR ' 


L. L. McDANIEL—We installed mul- 


ticlones on converter gases at Douglas 


smelter of Phelps Dodge Corporation 
with about the same results we have had 
at Morenci. Very satisfactory. 


* Deutsch and Loonam, New York City. 
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satisfactory furnace for the recovery of 
metallic zinc from secondary metals by 
distillation. I have also had the oppor- 
tunity of studying the operation of the 
furnace when running on scrap brass at 
the Detroit plant of Revere, and I can 
therefore say from knowledge gained 
first-hand that the unit is efficient and 
economical when used in conjunction 
with distillation. However, when I read 
what Mr. Poland has to say in reference 
to the possibility of using the furnace for 


melting copper cathodes for the produc- 
tion of oxygen-free and tough-pitch cop- 
per shapes, I am constrained to be 
somewhat skeptical. No doubt the fur- 
nace can readily be modified so as to 
make it possible to melt cathodes, but 
that is only a part of what is required to 
produce refinery shapes. 

Because of its construction the atmos- 
phere in the furnace is highly reducing 
and even without protective gases such 
as nitrogen the copper cathodes which are 


4 
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substantially oxygen-free will not be- 
come oxidized—that is, the copper will 
remain oxygen-free. If then the molten 
oxygen-free copper is discharged from 
the furnace in a closed launder and then 
to a pouring device which is also closed, 
in other words follow the Scomet process 
for the production of oxygen-free copper 
(OK HC), there is no reason why good 
quality oxygen-free copper cannot be 
made by substituting the Wilkins-Poland 
furnace for a Summey or Scomet furnace 
for the primary melting. But when we 
come to the production of tough-pitch 
copper, the matter is not quite so simple. 
The experience gained at the Ontario 
Refn'ng Co. plant in Copper Cliff, Gnt., 
Canada, reveals that when they allowed 
the copper to remain oxygen-free in the 
arc molting furnace and then convey it to 
the molds in an open launder in order to 
pick up the requisite amount of oxygen, 
it was extremely difficult, if not impossi- 
ble, to control the oxygen content and to 
make sound tough-pitch copper castings. 
Even in the launder there was clear 
evidence that the copper was gassy by 
the constant discharge of copper rain; the 
resulting castings were of poor quality 
and lacked uniformity. After considerable 
experimentation the operators at Copper 
Cliff hit upon the idea of venting the arc- 
furnace so as to permit the molten copper 
to pick up oxygen in the furnace. From 
then on there was little or no difficulty 
in producing tough-pitch copper of excel- 
lent quality. 

It is my belief that in order to produce 
good quality tough-pitch copper if the 
Wilkins-Poland furnace is used for melt- 
ing the cathodes, it will be necessary to 
oxidize the bath by venting the furnace 
so as to introduce air. What will happen 
to a resistor furnace of this type when 
operating in an oxidizing atmosphere we 
do not know because it has not been 
tried; but I should judge it would not be 
very satisfactory. And if the furnace is 
not vented and the copper emerges 
oxygen-free, then the same difficulties 
will be encountered as when Copper 
Cliff attempted to produce tough-pitch 
using the arc furnace. 

Mr. L. W. Bahney, Manager of The 
Scomet Engineering Co., has informed 
me that he was unable to produce good 
quality tough-pitch copper wirebars at 
Carteret, N. J., when he attempted to 
introduce the proper amount of oxygen 
in the launder by exposing the moving 
stream of oxygen-free copper to the air. 
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In other words, he confirmed the results 
obtained at Copper Cliff even though the 
melting was done in an induction furnace 
instead of an are furnace. 


FRANK F. POLAND (author’s reply) 
—TI have the impression that Mr. Rolle is 
inferring that because air had to be 
vented to Copper Cliff’s arc furnace it 
will be necessary to do the same for all 
other furnaces. It is my understanding 
that the metal as it comes from the fur- 
nace at Copper Cliff varies from about 
0.005 to 0.01 pct oxygen. Can anyone 
present tell me if I am correct in this? 


J. S. SMART*—0.01+ is the figure 
that is generally used. 


FRANK F. POLAND—I believe 
there is more than one way to obtain the 
same end result and Mr. Rolle does not 
hesitate to say that he believes the re- 
sistor furnace could, in conjunction with 
the proper pouring equipment, produce 
good sound oxygen free castings. How- 
ever. he has some doubt as to the suc- 
cessful casting of good commercial tough 
pitch refinery shapes. We must not lose 
sight of the fact that the furnaceman has 
for a long time, and still is, applying his 
skill in the production of electrolytic 
copper castings and that the end result 
we are seeking is to get molten copper in 
such condition that when it solidifies in 
any given mold a level or slightly crown 
set will result. There is no doubt that 
fundamentally this is accomplished by 
the release of gas during solidification. 
However, there has been a lot of discus- 
sion as to how the gas got into the metal 
and what kind of gas it is but the fact 
that it is a controlled amount liber- 
ated during solidification has not been 
questioned. 

At Copper Cliff I believe it is necessary 
to vent air to the furnace because it 
is operated with an arc and I feel quite 
certain they would get into a lot of 
difficulty with the operation of the fur- 
nace itself if this were not done. 

Air is 79 pct nitrogen and in my opin- 
ion it is questionable if the amount of 
oxygen introduced in the arc furnace at 
Copper Cliff is enough in itself to assure 
uniform flat set. The set there I feel 
quite sure is controlled by their furnace- 
man today, as it always has been, that is 
between the furnace taphole and the 


x ean Smelting and Refining Co., Barber, 


molds. 

At Perth Amboy, N. J. some years ago 
we set up a gas plant where desulphurized 
and dehydrated producer gas was made. 
This gas was used to pole several 250 
ton reverberatory furnace charges to an 
oxygen free condition. These charges 
after having been blown to low set by 
standard procedure were covered with 
enough charcoal to supply all the carbon 
needed for reduction plus an excess to 
cover completely the bath after comple- 
tion of the deoxidation step. This furnace 
was equipped with two casting wheels, 
one casting wire bars and the other 
vertical cast cakes. The purpose of that 
experiment was to find out if copper 
could be made oxygen-free in large 
quantities. It was done successfully. The 
oxygen-free metal was cast into wire bars 
and vertical cast cakes. The set required 
the minimum of control by the furnace- 
man and the oxygen in the wire bars and 
cakes was approximately the same as 
regularly produced. This experience shows 
that properly prepared oxygen-free cop- 
per can absorb oxygen between the fur- 
nace and molds in an amount sufficient 
to produce commercial electrolytic set 
wire bars and cakes. 

Some years ago at one of the large 
eastern refineries the casting equipment 
was such that it was necessary to pole 
regularly their large reverberatory 
furnaces down to 0.005 to 0.01 pct oxy- 
gen and during this period hundreds of 
thousands of good commercial set wire 
bars and cakes were produced. The oxy- 
gen content was 0.035 to 0.045 pct in the 
castings. 

During the development of the con- 
tinuous casting process a small resistor 
furnace was used to melt approximately 
1000 lb of cathode copper per hour while 
being flushed with nitrogen. This fur- 
nace was equipped with a door so that a 
standard 15-lb ladle sample could be cast 
from the molten bath. All of these sam- 
ples were sound and had a commercially 
good set. 

The three examples that I have given 
and, I believe, the Copper Cliff practice 
prove that good commercial electrolytic 
copper can be cast from oxygen free 
metal that has been flushed with either 
air (nitrogen plus oxygen), commercial 
nitrogen or carbon monoxide plus nitro- 
gen provided proper equipment is in- 
stalled between the taphole and molds for 
control of the oxygen absorption from the 


atmosphere. 
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On the Structure of Gold-silver-copper Alloys 


DISCUSSION 


(BE. R. Jette and J. R. Long presiding) 


E. R. JETTE*—The way this ternary 
was developed there are two directly 
determined points on each of the iso- 
thermals except the 700° isothermal, 
where I believe there is only one. How 
were the end points determined, and what 
was the basis for it? Whose work formed 
the basis for the silver copper line? 


M. B. BEVER{—At most tempera- 
tures the authors determined three 
points of the isothermal line. For exam- 
ple it can be seen from Fig 3 and 4 how 
three points for the 600°C contour line 


* Univ. of California, Los Alamos, New Mexico. 
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were obtained. The authors took two ad- 
ditional points for each temperature 
from the copper-silver binary diagram 
contained in Hansen’s volume on consti- 
tution diagrams. It is correct that the 
700°C contour line is based only on one 
point in the ternary field which was 
found by a slight extrapolation of Fig 4. 


R.I. JAFFEE*—Are the tie lines repre- 
senting phases in equilibrium parallel to 
the silver-copper boundary? 


M. B. BEVER—Are you asking that 
as a matter of principle? 


R. I. JAFFEE—I assumed that would 
follow from principle. I wonder if that is 
in accordance with the authors’ ideas 
too. 


* Battelle Memorial Institute. 


M. B. BEVER—I do not believe the 
authors obtained any information on the 
tie lines in the two-phase field. Of course, 
in the limiting case of very low gold 
contents the tie-lines approach to the 
silver-copper boundary, but generally in 
the two-phase field I do not think that 
the tie-lines have to be parallel to the 
boundary. 


E. R. JETTE—1 am quite sure they do 
not have to be parallel. You cannot tell 
from this work in which direction they go. 


E. A. GULBRANSEN*—Were any 
pycnometric measurements made _ to 
check the lattice parameters of the 
alloys? 


M. B. BEVER—I did not hear any- 


* Westinghouse Research Laboratories, East 
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thing about such measurements and I 
think I would have if the authors had 
done such work. 


E. R. JETTE—The cameras that were 
used for this work come in three ranges. 
Do you know whether they use the most 
precise range or the more convenient 
middle range? 


M. B. BEVER—As I[ remember it, the 
authors used a Phragmen No. 3 camera. 


E. R. JETTE—That covered the 
outer range which is the most precise, and 
it makes me wonder why the results are 
only considered good to 2/1000 A. It-is 
capable of doing better than that. Per- 
haps that is all they needed? 


M. B. BEVER—I think that is so. If 


you recall Fig 2, the essential quantity to 
be determined was the temperature above 
which the parameter is constant. That 
temperature corresponds to the intersec- 
tion between the inclined and the vertical 
parts of the left curve in Fig 2. The pre- 
cision with which this intersection 
could be determined was not limited by 
the precision of the lattice constant 
measurements. 


J.G. McMULLIN and J.T. NORTON 
(authors’ reply)-—As Dr. Bever stated in 
his reply to Dr. Jaffee’s question, we did 
not determine the tie-lines between the 
two phases co-existing phase in the two- 
phased alloys. Masing and Kloiber! show 
the lines for the 400°C isothermal section. 
These tie lines run roughly parallel to the 
Ag-Cu boundary when the compositions 


are plotted in atomic percent. We know 
of no reason why the tie lines must lie in 
this direction except when they approach 
the Ag-Cu boundary. 

In reply to Dr. Jette’s question on the 
cameras, we used an unsymmetrical 
focussing type camera covering the range 
of 6 values from 45 to 83°. We did not 
utilize the greatest degree of precision 
possible with these cameras because our 
specimens were relatively coarse filings 
instead of the very fine powders usually 
required for precision work. We feel that 
the degree of precision we did obtain was 
entirely adequate for this project and 
that the added time necessary to obtain 
another significant figure in the lattice 
constant was not justified. 


Platinum-tungsten Alloys 


DISCUSSION 


(E. R. Jette and J. R. Long presiding) 


C. S. SIVIL*—The authors are to be 
congratulated on their excellent work and 
on the clarity of their paper. 

In our opinion the method of prepara- 
tion of the platinum was perhaps not the 
best that could have been chosen. The 
precipitation of platinum by zinc results 


in a powder that contains not only a com- 


paratively high percentage of zinc, but 
also a fairly high content of occluded 
gases. While the final ignition at 750°C 
would remove some of these gases, there 
may remain a considerable oxygen con- 
tent, unless this ignition were carried out 
in hydrogen. The use of this ‘“black”’ 
powder invariably results in swelling 
during sintering. A platinum powder that 
is freer from this objectionable swelling 
is that obtained by the ignition of am- 
monium chloro-platinate, but even such 
a powder will give a compact which may 
swell somewhat, not only when the com- 
pact is sintered but also when the com- 
pact is worked to wire. In some of our 
early experiments with powder metal- 
_lurgy at Baker and Co. we would often 
make a platinum wire which, on anneal- 
ing, would swell from a diameter of 0.015 
in. to a diameter of 0.017—-0.018 in. It is 
our opinion that this swelling results from 
(ly the cold welding of the surface of the 
compact due to the pressure of compact- 
ing, arid (2) the sintering of this surface 
to a layer impervious to gas before the 
temperature of the inside of the compact 
was high enough to permit diffusion so 
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that the elimination of entrapped gas 
could not proceed. Some support is given 
to this view by the observation that the 
swelling was reduced by reducing the 
compacting pressure or the cross-section 
of the compact. 

Turning our attention to the micro- 
graphs, the writer is inclined to agree 
with Price, Smithells and Williams that 
the structures of Fig 9 and 10 are due to 
sintering in the presence of a liquid phase, 
despite the argument of the authors. Is it 
not conceivable that the presintering of 
these alloys resulted in slugs that con- 
sisted mainly of.a platinum-rich matrix 
which, when the slugs were sintered elec- 
trically, became liquid before sufficient 
tungsten had dissolved to raise the 
melting point above the sintering tem- 
perature? Prolongation of the sintering 
would answer this question. The writer’s 
view would be that the high intersolubil- 
ity of platinum and tungsten led to the 
structures observed for the alloys con- 
taining 6 pct and less platinum and 38 
pet and more platinum; in the tungsten- 
rich, by rapid diffusion of the molten 
platinum into the tungsten and, in the 
platinum-rich, by rapid diffusion of the 
tungsten into the molten platinum. Per- 
haps Messrs. Jaffee and Nielsen kept 
record of the heating curves of their 
sintering of these alloys and such curves 
may give an answer to this question.. | 


R. I. JAFFEE (authors’ reply)—Mr. 
Sivil’s comments on the swelling of high 
platinum content alloys are very well 
taken. In our work in high platinum al- 
loys, swelling during sintering could not 


be overcome. Consequently, we are glad 
to have his suggestion on the use of 
ammonium chloroplatinate ignited in hy- 
drogen to reduce swelling. Concerning the 
presence of zinc in the platinum powder 
used, we believe that any present would 
have volatilized during the high tempera- 
ture sintering operation. At one time we 
had occasion to try to make tungsten base 
alloys containing 10 pet Cr. By the time 
the bar was sintered, all of the chromium 
had volatilized. In view of this we believe 
that zinc would have volatilized also. Our 
point concerning the so-called “heavy 
metal structure” still should hold. In the 
theory of this structure it is assumed that 
the matrix present in the final product is 
molten at the sintering temperature, and 
represents the equilibrium condition. If 
such were the case it is highly improbable 
that the bar would support its own 
weight, which it would have to do during 
electrical sintering. 


S. "J. ‘SINDEBAND*—Were any 
fusion point measurements made on bars 
which had been completely sintered prior 
to making this determination? Perhaps 
that would cast some light on the point 
just raised regarding the possible presence 
of liquid phases. I wonder, when the 
fusion point is measured in the course of 
the sintering operation, whether the equi- 
librium is always obtained prior to the 
initial appearance of fusion in the hole. 


R. I. JAFFEE—Perhaps I did not make 
the point clear, but there were two steps 
involved. The first step was to prepare 
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the alloy, which involved taking it up to 
a known sintering temperature. As a 
second step the specimen was necked 
down and was taken up to the fusion 
point. We hoped to attain equilibrium by 
the first step, the sintering operation, and 
did not expect any further diffusion dur- 
ing the fusion point determination. 


S. J. SINDEBAND—Perhaps the 
confusion comes from the text proper, 
because there is a statement there that 
the presence of the hole did not interfere 
with proper sintering. 


R. I. JAFFEE—That is right, but the 
hole was put into the specimen before the 
sintering operation and before the fusion 
point determination. 


H. P. NIELSEN (authors’ reply)— 
The diffusion takes place very rapidly at 
the very high temperatures. While we 
have no complete evidence that perfect 
diffusion had taken place nevertheless 
within a matter of minutes the diffusion 
would have taken place so that it mauid 
be practically perfect. 


E. R. JETTE*—The melting point or 
the solidus points seem to be very sensi- 
tive to small amounts of impurities, and 
perhaps the only adequate answer is to 
report some spectroscopic analysis of 
your ingots before sintering and after 
melting to see if there was anything that 
could affect the melting points. 


R. I. JAFFEE—The experiments with 
tungstens of different nonmetallic con- 
tents indicated the extreme sensitivity 
of the solidus temperature impurities. It 
has been some time since we did this 
work, and I do not think the specimens 
are available to examine spectroscopi- 
cally. It would be a good idea, however. 


E. R. JETTE—We do not often get 
papers where the working temperatures 
start over 1700°C. 


Se A. GULBRANSEN {+—Would you 
; * Univ. of California, Los New 
Mexico. 
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elaborate on the methods used for meas- 
uring the temperature? In particular, 
how is the absolute temperature deter- 
mined from the brightness temperature? 


R. I. JAFFEE—The temperature meas- 
ured was that at the bottom of a hole in 
the specimen, which was assumed to be 
radiating under black body conditions. 
This temperature was taken to be the 
true temperature. When I referred to 
brightness, I was referring to the relative 
brightness at the bottom of the hole 
compared to that at the surface of the 
bar. Perhaps I do not get the entire 
connotation of your question. Do you 
care to add anything further, Dr. Nielsen? 


H. P. NIELSEN—Only that I under- 
stand that the hole should be five times as 
deep as the diameter or better in order to 
come close to black body conditions, and 
we made sure we had at least that depth. 


K. R. JETTE—Is there any way of 
getting an accurate calibration of tem- 
perature under these conditions? 


R. I. JAFFEE—The method used to 
measure temperature is admittedly not 
the most ideal one. A very good method 
employs the use of a cylindrical specimen 
with a small hole in it. Under such 
conditions a practically perfect black 
body is obtained. If there were no radical 
temperature gradients through the walls 
of the cylinder the conditions would be 
right for very reliable observations of 
temperature. Use of such a specimen was 
not feasible in the present work. 


E. A. GULBRANSEN-Is it possible 
to interpret the etching pits as residual 
porosity of the material? 


R. I. JAFFEE—I cannot answer that 
question absolutely. It is possible that 
they might be. However, they did not 
appear in the polished specimen before 
etching, and, also, were rather shallow. 


E. A. GULBRANSEN—Did the den- 
sity of the material come up to what you 
would normally expect of compositions of 
this type? 


R. L\{JAFFEE—We did not. check 
density. 


E. A. GULBRANSEN—How do you 
interpret your hardness measurements? 
You have a tremendous increase here, 160 
to about 900. To what do you attribute 
this change? 


R. I. JAFFEE—Straight solid solution 
hardening of the tungsten solid solution 
by platinum. A similar sort of thing, 
although not nearly so marked, occurs 
at the platinum end of the system. 
Tungsten is one of the most potent of the 
hardeners of platinum. Although I agree 
with you that this is a remarkable in- 
crease in hardness for a substitutional 
solid solution, we do not see any other 
mechanism for the hardening. The 
maximum point in the hardness curve 
coincided with the solubility limit. 


EK. A. GULBRANSEN—Are there any 
changes in the lattice parameters? ; 


R.1I. JAFFEE— Yes, lattice parameters 
were measured. Some figures are given 
in the paper. Thus, for pure tungsten we 
obtained a lattice constant of 3.1583, 
which checks quite well with the accepted 
value. A 4 pct platinum content in the 
tungsten causes the lattice constant to 
decrease to 3.1572, which amounts to a 
very small shift. 


L. D. JAFFE*—In connection with 
Mr. Gulbransen’s comment, is there any 
possibility of a precipitation on cooling 
from the sintering temperatures or with 
the specimens quenched in some fashion? 


R. I. JAFFEE—Cooling from the 
sintering temperature was quite fast, be- 
cause after the transformer is shut off, 
the specimen cools to below a red heat in 
a few seconds. Therefore the opportunity 
for precipitation is rather limited. 


H. R. STEPHAN {Is there a possi- 
bility that you get a high strength matrix 
to hold your specimen together and still 
have a liquid phase present. 


R. I. JAFFEE—The micrographs 
show fairly clearly the matrix was the 
platinum-rich solid solution. I think that 
rules out that possibility. 


* Watertown Arsenal Laboratory. 
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Use of Electrical Resistance Measurements to 
Determine the Solidus of the Lead-tin System 


DISCUSSION 


(E. R. Jette and J. R. Long presiding) \. 
M. B. BEVER*—The method re- 
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ported in this interesting paper promises 
to be of fairly wide applicability. It may 
be expected that the solidus and liquidus 
lines in other low-melting alloy systems 
ean also be determined by resistance 
measurements. As these alloys are especi- 


ally slow to reach equilibrium, a static 
method will improve the accuracy with 
which these parts of their phase diagrams 


can be determined. 


It should be noted that the sensitivity 
of the method for the determination of 
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the solidus is not the same at all com- 
positions. The straight line representing 
the solid phase and the curve representing 
the two-phase region intersect in a de- 
creasingly definite manner, as the tem- 
perature range of solidification increases. 

A question must be raised concerning 
the eutectic temperature in the lead-tin 
system. The authors state that melting 
begins at 183°C, but in Fig 5 they some- 
what arbitrarily place the eutectic at 
185°C and in Fig 6 at 183.3°C. It may 
well be asked whether the resistometric 
method is not capable of high precision 
also in locating the eutectic temperature. 

If the resistances of the liquid alloys 
reported in this paper are plotted against 
composition at a single temperature such 
as 320°C the value for the alloy contain- 
ing 19 pct tin appears to be abnormally 
low or possibly that for the 24 pct tin 
alloy is unduly high. Although the 
authors did not intend to determine 
absolute values of the resistance, they 
perhaps have an explanation for this 
unexpected behavior of the resistance as 
a function of composition. It is of interest 
in this connection that Bornemann and 
Miiller* and Matuyamaf found that the 
resistance of liquid lead-tin alloys de- 
creases quite regularly as their tin content 


* K. Bornemann and P, Miller: Metallurgie 
(1910) 7, 396, 730, 755. 
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is Increased. 

A recently published observation may 
be added to the data from the literature 
presented in Fig 7. Borelius, Larris and 
Ohlsson* used resistance measurements 
to determine the solvus in lead-rich lead- 
tin alloys. They found that an alloy con- 
taining 18 pct tin on heating becomes a 
single phase at 182.5°C, and is still solid 
at 183.8°C. These data agree well with 
the results presented in Fig 7 by Profes- 
sor Hultgren and Mr. Lever. 


E. R. POTTER {—It is nice to run 
across papers where the authors present 
their data as they record them rather 
than making their graphs agree with 
their conclusions. Now in respect to this 
one alloy—the 19 pct tin—which hap- 
pens to have a rather low value at some 
temperature in the liquid state, we do not 
know whether Dr. Hultgren used the 
same tube for all his alloys or whether he 
used various tubes during the experi- 
ment. If he had used different tubes, 
there would be some experimental error 
due to the cross-sectional area variations 
from tube to tube. It might be that Dr. 
Hultgren would have a rather simple 
answer to this point but I cannot answer 
the question. 


* G. Borelius, F. Larris and E. Ohlsson: Arkiv 
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E. R. JETTE—This is one of the oldest 
systems in physical metallurgy. 


B. GONSER*—I might point out that 
the tin used is not a particularly pure tin, 
although it is mentioned as such. It is 
commercial grade. Tin of higher purity 
can be obtained both in commercial 
brands guaranteed 99.9 pct pure, and in 
special grades. I would recommend that 
similar work be done with tin of higher 
purity such as the 99.99 pct electrolytic 
tin produced by Vulcan Detinning Co. or 
others. 


E. R. JETTE—If we are looking for 
the easiest possible system to try out the 
electrical resistance method, I would say 
this would be it. This is not to detract 
from the work but there is a certain pre- 
cision attainable in handling this par- 
ticular system and it would be difficult to 
reach in a system that melted 500° 
higher. Also, it is obvious that using the 
electric resistance method means you 
must be able to put the alloy in such a 
physical form that you can measure a 
resistance. This is not always easy and I 
suspect that the authors of the previous 
paper on the platinum-tungsten system 
might have had a great deal more diffi- 
culty in doing the job by resistance 
methods. 


* Battelle Memorial Institute. 


The Effeet of Orientation Difference on 
Grain Boundary Energies 


(EZ. E. Schumacher and A. Wachter 
presiding) 


W. G. BURGERS*—It seems almost 
certain that this investigation shows the 
way which finally, when more analogous 
data have been obtained, must lead to the 
understanding of many features of 
preferential growth-directions of crystals 
and of the occurrence of recrystallization 
textures. 

- In this connection I should like to 
mention that Mr. Tiedema in my labora- 
tory succeeded in developing an analo- 
gous method for preparing crystals in 
aluminum plates with a chosen crystal- 
lographic plane and direction parallel to 
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the surface of the plate (to be published 
in Cryst. Acta). If such crystals were 
grown in high purity aluminum and test- 
pieces containing a few crystals such as 
the authors describe were prepared for 
this metal, it might be possible that due 
to the absence of growth obstructing 
particles, even in this low-melting point 
metal boundary displacements approach- 
ing equilibrium positions might be 
realized. 

With regard to the apparently marked 
drop in surface energy for orientation 
differences approaching zero degree, and 
orientation differences approaching those 
existing between twins, it seems of in- 
terest to remark that in aluminum a 
crystal growing at the expense of fine 
grained material cannot (or can only very 
reluctantly) absorb grains in either ap- 


proximately (within 5-10°) parallel or 
spinel twin orientation (May, Tiedema 
and Burgers, Nature (1948) 162, 740 and 
Cryst. Acta in press). Consequently with 
aluminum the method of preparing a 
crystal with a definite orientation does 
not succeed when the new crystal has to 
absorb its own texture; for example it is 
not possible to grow in a polycrystalline 
wire with a [111]-texture a crystal with a 
[111]-direction parallel to the wire axis 
(Tiedema: Cryst. Acta, in press). Finally 
I should like to mention the well-known 
fact (Burgers: Proc. Acad. Amsterdam 
(1947) 50, 723) that prolonged annealing 
of recrystallized nickel-iron sheet with 
cube-texture never succeeds in. trans- 
forming this into one single crystal of the 
same orientation; if, by “secondary re- 
crystallization,” large crystals are formed 
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in this process, their orientations differ 
considerably from the [100]-orientation. 
In other words, elimination of the 
boundaries between nearly equivalent 
blocks appears to be impossible. This 
again confirms the occurrence of a drop 
in surface energy for small differences in 
orientation. 


C. G. DUNN and F. LIONETTI 
‘authors’ reply)—The authors wish to 
thank Dr. Burgers for his kind remarks 
and his very interesting discussion on 
the problem of recrystallization and 
grain growth processes. It is a pleasure to 
hear of the successful work done in his 
laboratory on growing aluminum crystals 
in plate specimens with each crystal 
having a predetermined orientation. 
Application of this method to the prob- 
lem of grain boundary energy measure- 
ments in aluminum would be very de- 
sirable and, as Dr. Burgers indicates, the 
purity of the system could be controlled 
more completely than it can in silicon 
iron. Results different from our present 
ones might also be expected because of (1) 
a different type lattice and (2) a one 
element system. 

The illustrations of lack of growth for 
near twins and for grains of nearly the 
same orientation are very welcome and 
we are in complete agreement with the 
idea expressed about low boundary ener- 
gies playing an important role. For 
example, the presence of relatively stable 
island grains of near twin orientation, 
described by Burgers* in connection with 
samples supplied by P. A. Beck, is 
understandable on the basis of a low 
amount of boundary energy for twins or 
near twins. Further, when island grains 
form in a growing grain as may occur in 
exaggerated grain growth, a certain 
amount of grain boundary energy is lost 
for purposes of advancing the boundary 
and this may be important for general 
growth. Speculating a bit on the assump- 
tion that growth occurs, it would seem 
that the number of island grains would 
increase with sharpness-of texture of the 
matrix provided the growing grain has 

~about the same or a twinned orientation 
of the matrix texture. In such a picture 
not only would the total available energy 
drop with increasing sharpness of tex- 
ture, but the amount used for general 
growth would also drop. From an energy 
__standpoint, these two factors appear to 
explain the failure of a large grain to 
grow at the expense of its own texture 
as Dr. Burgers stated was the case. 
However, Dr. Burgers is well aware 
that something beyond grain boundary 
energy appears to be involved if we con- 
sider the case when the matrix is strained. 
Quoting from his reference in Nature, “It 
appears from various experiments that 
the ease with which a crystal can grow in 
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a deformed matrix depends on the 
mutual orientation of growing and dis- 
appearing lattice domain.” This idea has 
been stated before by van Arkel? and 
Barrett’ and used recently by Dunn? and 
Beck’ in discussing recrystallization phe- 
nomena. We believe from an energy 
standpoint alone, for instance, that a 
strained single crystal should be able to 
recrystallize readily to its own orientation 
through a nucleation and growth process. 
However, except for certain recovery 
processes,'! which are very slow, recrys- 
tallization does not occur except through 
a change in orientation. A growing nu- 
cleus actually must build up a grain 
boundary energy and the amount of this 
increases with difference in orientation. 
Additional knowledge of the nature of 
the strain energy is needed, of course, for 
an understanding of this phenomenon 
even though such energy might be con- 
sidered to reside as sub-boundary energy 
and be largely due to differences in 
orientation.!2:13 Geometry of these sub- 
boundaries would be expected to be 
important. Geometrical relations might 
even provide the key to this phenomenon 
of orientation relations being so impor- 
tant to the movement of atoms from one 
lattice to another. On the other hand, 
part of the picture may be concerned 
merely with the rate at which atoms can 
leave one lattice and join another. This 
means that, with the same strain energy 
available, the nature of the boundary 
where atoms are moving may play a 
major role. 

The importance of the role of orienta- 
tion relationships for atomic movement 
also stands out for those cases where 
boundary energy and internal strain 
energy both favor the shifting of atoms. 
An example of this type is the strained 
island grain (Laue-asterism), which ap- 
pears to be relatively stable in a strain- 
free single crystal matrix of near twin 
orientation (see Burgers’ report in 
Nature referred to by him). 


A. J. SHALER*—My colleagues and I 
have also been doing some work on the 
surface energy of solid metals and we 
wish to assure Dr. Dunn and his col- 
laborator that we fully appreciate the 
importance of their work. I should like 
to ask the authors if they have made any 
measurements of the angles formed at 
the intersection of the boundary with 
the free surface at the edges. In general, 
their edges were notched in the speci- 
mens shown, so that these measurements 
could probably not be made on them. 
The relation between the angles and the 
surface energies should be the same at 
these intersections as at interboundary 
intersections. The advantage in making 
such measurements would be that the 
boundary energy could be directly com- 
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pared with the surface energy of the 
metal (itself in the presence of hydrogen 
or argon). The paper by Udin, Shaler and 
Wulff which will be presented later shows 
a method of measuring directly the sur- 
face energy of the metal in the presence 
of its vapor or another gas. From those 
measurements and the measurements of 
the angles I am speaking of, we could 
then get absolute values of the grain- 
boundary energies. 


C. G. DUNN—We observed one thing 
which has already made some of our next 
work on this problem much easier—it is 
the formation of grooves in the surface 
by thermal etching (reported also by 
Chalmers, King, and Shuttleworth in 
England for the case of silver). It seems 
to offer an ideal way of studying the 
positions of grain boundaries as well as 
this relationship between free surface and 
interboundary energies about which Dr. 
Shaler asked his question. I think Dr. 
Shaler is asking about the angle relation- 
ships of grooves at either the edge or on 
the large flat surface. We have measured 
no groove angles, but others are doing 
this. Our connection with this problem so 
far is to supply samples of silicon iron 
with known orientation relationships 
between grains. From the surface energy 
between the atmosphere and the metal 
and the groove angles, one can obtain the 
grain boundary energy for a particular 
grain boundary. If the energy of one 
grain boundary of our group could be 
determined in this way, then all our 
values for silicon iron could be put on an 
absolute basis. This we hope to do eventu- 
ally. If the groove is not too near 180°, 
this technique may have pretty good 
accuracy. On the other hand if the dip 
is very shallow and the angle is near 
180°, then I think this method would 
not be very accurate for determining 
every type of grain boundary. 

Using the groove angles—if they can 
be measured—it should be possible to 
check the form of curve that we have 
obtained. To do this, two-grain groups 
suffice as specimens. You have a fixed _ 
orientation relationship for each two- 
grain group, and you determine y for 
each configuration. If the grain bound- 
ary energy varies with orientation dif- 
ference, this will cause the groove angles 
to vary also. Consequently, the variation 
of y with orientation difference could be 
determined. 


L. D. JAFFE—Dr. Dunn, with your 
techniques it seems it would be possible 
to control the orientation of the boundar- 
ies since they come out at about 90 and 
180° angles. In any case you can adjust 
the orientations of the grains with re- 
spect to the boundaries. Are you planning 
any work in which you will simultane- 
ously control the boundary orientations 
and the orientations of the grains? 


Cc. G. DUNN—I am glad you asked 
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about that. We are attempting to grow 
two grains from one end of the specimen 
in such a way that their boundary will 
be in a given crystallographic orientation. 
I think we have already succeeded in 
getting pretty good pseudo twins by 
this method. We maintain control of this 
direction pretty well if on subsequent 
annealing the motion of the boundary 
stays parallel to this line, otherwise con- 
trol is lost. You cannot control all 
grain boundary orientation in three- 
grain groups because some have to change 
to establish the equilibrium angles. How- 
ever, it might be possible to control one 


boundary fairly well. 

The other thing to do is to determine 
from prior data a configuration that 
should be fairly close to an equilibrium 
condition. It should be possible to grow 
a three-grain group near this configura- 
tion in order to obtain equilibrium 
conditions on a larger scale and perhaps 
more easily. I do not know whether you 
had that in mind, but it is a possibility. 
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Influence of Composition on the Stress-corrosion 


Cracking of Some Copper-base Alloys 


DISCUSSION 
(A. Wachter presiding) 


E. A. ANDERSON*—At the outset, 

I note that you are using a humid 
atmosphere containing ammonia but 
that you make no reference to the varia- 
ble of carbon dioxide content. Edmunds 
in his work in this laboratory found very 
marked effects on the rate of failure due 
to variations in carbon dioxide in the 
environment. This point is, of course, 
strongly related to the overall corrosion 
rate problem since the role of the carbon 
dioxide seems to be to permit the forma- 
tion of hygrogroscopic salts which give a 
controlled moisture film on the specimen 
surface, which in turn seems to support 
the intergranular penetration more con- 

sistently than would otherwise occur. 

(2) Your results with various copper 
binary systems are very striking. It is 
curious, however, that the time-to-failure 
minima all occur at percentages of the 
alloying element which are considerably 
below the solubility limits as given in the 
conventional equilibrium diagrams. If 
your theory regarding the presence of 
these impurities in some concentration in 
the grain boundaries is correct, then 
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either the existing diagrams are not 
accurate in the room temperature region, 
or there is a difference in solubility in the 
grain boundaries as compared with the 
grains. A study along these lines might be 
very revealing. 

(3) The undesirable effect of silicon 
in copper calls to mind our own observa- 
tions on the influence of silicon on the 
stress corrosion cracking resistance of 
alpha brass. In this case, silicon was 
found to have a very marked beneficial 
effect, particularly when a heat treatment 
capable of producing a grain boundary 
constituent was used. I should appreciate 
it if in the discussion of your paper this 
point should arise, you would attempt to 
clarify the difference between the copper- 
silicon binaries and the copper-zinc-sili- 
con ternary alloys. 


D. H. THOMPSON and A. W. 
TRACY (authors’ reply)—(1) We have 
no data on the constancy of the carbon 
dioxide content of the air used for the 
test atmosphere but have believed that 
the normal carbon dioxide content of the 
air was as constant as could be obtained 
by using Edmunds’ method of removing 
carbon dioxide from the air and then 
adding a measured quantity. In any 
event, the test atmosphere was the same 
for all specimens in a test run. We agree 
with Mr. Anderson that the carbon diox- 
ide content is important in the formation 


of a hygroscopic film on specimens. 

(2) Wecan imagine that there could be 
a concentration of solute atoms at the 
grain boundaries which would be so small 
that present methods would not detect it 
even if it exceeded the solubility limit of 
the alloy. There could be somewhat 
greater solubility at the grain boundaries 
for an interstitial solute. There is a 
possibility that phosphorus dissolves in 
this way but we believe that none of the 
other solutes studied does. In our present 
studies we hope to find out. something 
about conditions at the grain boundaries 
of some of the systems mentioned in the 
paper. 

(3) Mr. Anderson points out that sili- 
con brass, which has had a high tempera- 
ture heat treatment followed by a quench, 
is highly resistant to stress-corrosion 
cracking. Although the test conditions 
used by Anderson* et al were different 
from our test conditions, it is noted that 
the silicon brasses which had not had the 
special heat treatment were less resistant 
to stress-corrosion cracking than copper 
containing approximately equal amounts 
of silicon. 


G. R. GOHN{—Nonferrous metal- 
lurgists and particularly, materials engi- 
neers, have been accustomed to thinking 


* Symposium on Stress-Corrosion Cracki f 
Metals. (1944), ASTM-AIME, p. 173. PEGANs 
Bell Telephone Laboratories, Inc. 
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that copper-base alloys containing more 
than 85 pct copper were relatively free 
from spontaneous cracking under the 
combined effect of prolonged, high stress 
and corrosive attack. The data presented 
by the authors indicate that we must now 
reorient our thinking and consider that, 
under certain adverse conditions, copper 
and all copper alloys may be susceptible 
to stress-corrosion cracking. 

For many years we have used the 
mercurous nitrate test as described in 
A.S.T.M. Designation B154 as a means 
of determining whether or not the resid- 
ual stress in a fabricated copper-alloy 
part such as a rod, a tube or a manufac- 
tured piecepart was reduced to a safe 
level so that stress-corrosion cracking 
would not occur in service. Now obvi- 
ously, as pointed out by Dix,* failure in 
this test is not caused by corrosion and 
hence the mercurous nitrate test leads to 
no understanding of  stress-corrosion 
cracking. However, experience has indi- 
cated that fabricated parts similar to 
those which withstood 15 min. immersion 
in the mercurous nitrate test without 
failure, seldom failed in service; while 
those which did crack in the test fre- 


~ quently failed in service unless the resid- 


ual stresses were reduced by subsequent 
annealing, or corrosive attack was pre- 
vented by the use of an appropriate pro- 
tective finish. Tests made by Gohn and 
Arnold* on strip samples indicated that 
all of the common copper base alloys 
could be stressed in bending to values 
approximating the yield strength of the 
material without failure in the mercurous 
nitrate test and this finding correlates 
well with service observations. Only in 
the case of cylindrical and_ spherical 
parts, or screws and studs under high 
internal or external stresses, were stress- 
corrosion failures observed either in the 
laboratory or in service. 

The findings of the authors that stress- 
corrosion will occur in copper and copper 
alloys stressed at values well below the 
yield strength when the corrosive agent 
is an atmosphere containing ammonia, 
water-vapor, and air is, therefore, of con- 
siderable significance and should greatly 
aid in the study and understanding of the 
‘mechanism of stress-corrosion cracking 
in copper and copper alloys. Their find- 
ings do, however, leave unanswered the 
relation between time-to-failure” and 
service life. It would be interesting to 
know if the authors are in a position to 
evaluate their results in terms of ex- 
pected service life. 


D. H. THOMPSON and A. W. 
TRACY (authors’ reply)—The paper de- 
scribes a series of laboratory experiments 
designed to study fundamental causes 
and not intended to predict service fail- 
ures. The fact that phosphorus-deoxi- 
dized copper will crack under specified 


* Symposium on Stress-CorrosionjCracking of 
Metals, ASTM-AIME (1944). 
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laboratory conditions does not in the 
least affect the probability of its cracking 
in service. Experience shows that the 
alloy does occasionally crack in service, 
but the event is rare indeed. 

Tt appears that one of the necessary 
factors in service failures by stress- 
corrosion-cracking is that during cold 
work the alloy acquires a high internal 
stress, which is not relieved by subse- 
quent creeping or relaxation. Such metal 
is prime for cracking. In general, phos- 
phorus-deoxidized copper is not capable 
of maintaining such a residual stress and 
so it does not fail. 

Mr. Gohbn’s remarks on the mercurous 
nitrate test cover the subject well. It is 
a test for the presence of internal stress in 
some alloys; it is not a research tool for 
work on stress-corrosion cracking. 


H. L. BURGHOFF*—The authors 
have presented a large amount of data 
which are a most welcome addition to the 
available information on stress-corrosion 
cracking of copper alloys. 

I should like to emphasize the point 
which they have brought out with regard 
to the rarity of stress-corrosion failures of 
phosphorus deoxidized copper. This class 
of material has enjoyed widespread use 
for many years and has a merited reputa- 
tion for dependability. The only case of 
stress-corrosion cracking of copper in 
service which I definitely recall is that 
of a soft copper tube of small diameter. 
This sample was of deoxidized copper 
containing 0.027 pet phosphorus and had 
several transverse cracks which originated 
from the outer surface. These cracks were 
entirely intercrystalline in nature. 

The authors mentioned the low yield 
point of annealed copper as making im- 
possible the attainment of high internal 
stresses, thus accounting to a great de- 
gree for the scarcity of service failures of 
the stress-corrosion cracking type. How- 
ever, such phosphorized copper is used 
in the cold worked condition for which 
the yield strength as conventionally de- 
fined is a high percentage of the tensile 
strength. Externally applied stresses can 
be high without significant deformation 
of the metal although residual internal 
stresses would be expected to be low 
because of the relatively low resistance of 
copper to stress relaxation. Stress-corro- 
sion cracking of hard phosphorized 
copper is most certainly a rarity. Its ex- 
tensive service record indicates great 
dependability in this respect. 

The experiments on the effect of pre- 
cipitation of iron phosphide in copper as 
described in the paper and summarized 
in Table 10 might have been more sig- 
nificant if the authors had used greater 
amounts of iron than 0.006 pct for the 
formation of iron phosphide with 0.024 
pct phosphorus. As FesP is the most 
likely combination of iron and _ phos- 


* Chase Brass and Copper Co. 


phorus in copper, approximately 0.09 pct 
iron would be required to obtain the 
maximum precipitation effect with 0.024 
pet phosphorus. 

The test results presented for the cop- 
per-silicon series are interesting and 
worthy of special comment. A minimum 
of resistance to fracture in the ammonia 
atmosphere is indicated at about 1 pct 
silicon and work on a somewhat similar 
program in our laboratory is in agree- 
ment with this. The observation, how- 
ever, cannot be transferred to prediction 
of actual service behavior of commercial 
silicon bronzes without consideration of 
other factors. For example, two impor- 
tant groups of silicon bronzes have nomi- 
nal contents of 1.5 and 3 pct silicon 
respectively and their general service 
behavior when used as bolts does not at 
first glance confirm the authors’ relation- 
ship. This may be due to their being used 
more in the cold worked state than in the 
annealed state, with the degree of work- 
ing normally being greater in the case of 
the lower silicon content. The 3 pct sili- 
con alloys, while being very serviceable, 
have shown a number of stress-corrosion 
cracking failures, whereas such failure of 
the 1.5 pct silicon alloys seems to be as 
much a rarity as in the case of copper. 
As far as laboratory stress-corrosion tests 
in ammonia atmosphere are concerned, 
our results on two silicon bronzes con- 
taining 1.5 and 3 pct silicon respectively 
and 1 pct zinc as a third element in each, 
indicate that the two materials will frac- 
ture in approximately the same time at a 
given applied stress when they are cold 
worked to the same level of hardness or 
tensile strength. 

The occurrence of transcrystalline 
stress-corrosion cracks in alloys such as 
Arsenical Admiralty, as illustrated in the 
authors’ Fig 13, is of importance in the 
proper diagnosis of service failures by 
cracking. There was a time not too long 
ago when transcrystalline cracks pene- 
trating metal from a surface roughened 
by corrosion were considered direct 
evidence of corrosion fatigue. Undoubt- 
edly the wrong conclusion has been 
reached in some instances on the basis of 
such evidence. It should not be inferred. 
however, that all cases of stress-corrosion 
cracking of such materials will be trans- 
crystalline, for intercrystalline cracking 
may also be encountered in them. 

Information on grain size and mechani- 
cal properties such as tensile strength and 
yield strength of the test material was 
not included in the paper. These factors 
may not have a great bearing on the 
trends which were developed, but they 
may be of significance in a more complete 
evaluation of stress-corrosion characteris- 
tics of these and other materials. It is to 
be hoped that the authors will tabulate 
them and add them to the discussion of 
their paper. 


D. H. THOMPSON and A. W. 
TRACY—Dr. Burghoff points out that 
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the internal stress in cold-worked copper 
is relieved by stress relaxation and that 
internal stresses of the order of magni- 
tude of the yield point therefore do not 
exist. Certainly it is agreed that copper 
rarely cracks in service. Does not the 
same mechanism operate in the case of 
silicon alloys? Our records show that 
service failures of cold-headed bolts con- 
taining 3 pct silicon were ended when a 
14% pct silicon alloy was substituted, 
paralleling the case Dr. Burghoff cites. 
We had ascribed this behavior to the 
ability of the lower silicon alloy to relax 
and relieve stresses both during cold 
heading and after installation. 

The matter of iron and iron plus phos- 
phorus requires additional work. Several 
heat-treatable alloys have been tested 
but evidence is generally lacking that 
precipitation or solution heat-treatments 
have an appreciable effect on the cracking 
rate of copper alloys. 

The grain sizes and Rockwell hard- 
nesses are given in Table 12. It will be 
observed that nearly all the grain sizes 
are between 0.010 and 0.040 mm. 

The mechanical properties of the phos- 
phorus alloys are given in Table 13. 
Samples were annealed for 1 hr at 500°C. 
The values are averages of two tests. 


J. T. KEMP*—The paper by Messrs 
Thompson and Tracy is the latest in an 
important series on corrosion cracking. It 
follows in logical sequence the impressive 
group of reports presented at the AIME- 
ASTM symposium in 1944. In reading 
this paper it is well to look over the vol- 
ume containing the earlier ones once 
more. 

Two considerations appear to have 
been overlooked when one reviews these 
several papers with attention directed 
to the theory offered: 1. That the path 
of cracking, whether intergranular or 
transcrystalline, may be influenced by 
the structural history of the metal. 2. 
That the potential relationship, grain 
boundary to grain body, is probably in- 
constant, and that the intensity of anodic 
corrosion at the bottom of a crack may 
decline as the ohmic resistance of a 
lengthening circuit builds up. 

Now the consensus of opinion regard- 
ing corrosion cracks that follow grain 
boundaries seems to be that such cracks 
are caused by localized action resulting 
in one way or another from precipitation 
or concentration of solute atoms in the 
grain boundary regions. It seems to be 
assumed that the susceptible metal was 
in structural equilibrium at the close of 
the last previous period of structural 
change due to the heat, that is, that the 
grains have been established, that the 
boundary precipitation or concentration 
has progressed to a condition approaching 
stability. Perhaps such conditions may be 


* The American Brass Co., San Francisco, 
Calif. 
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Table 12 . . . Grain Size and Hard- 
ness of Specimens, Final Anneal 


1 hour at 500°C 


Allo Alloy Rockwell Grain 
N y Addition | Hardness Size 
sh Pct F Mm 
Zinc mice 
8 0.98 oo 0.035 
10 10.03 51 0.035 
11 20.01 60 0.035 
12 29.82 64 0.038 
14 39.88 74 0.025% 
Phosphorus i‘ = i 
4 32 0.040 
15 0.001 35 0.035 
16 0.002 34 0.040 
17 0.004 35 0.030 
18 0.007 35 0.020 
19 0.014 37 0.030 
20 0.028 34 0.035 
Za 0.056 38 0.025 
22 0.10 33 0.030 
23 0.24 38 0.045 
24 0.46 47 0.040 
25 0.93 64 0.018 
a Arsenic ia co SC 
4 30 0.040 
26 0.052 35 0.025 
27 | 0.126 38 | 0.020 
28 0.19 36 0.025 
29 0.305 A2 0.020 
30 0.36 48 0.028 
31 | 0.607 42 0.020 
32 ee, 18 0.020 
“Antimony : 
33 0.010 A2 0.025 
34 0.109 38 0.025 
aby 0.25 41 0.025 
36 0.47 54 0.020 
BY4 0.95 58 0.015 
Silicon = =e 
38 0.11 A2 0.030 
39 On2% | 12 0.030 
40 0.46 A2 0.030 
4) 0.98 | 47 0.020 
42 1.97 56 0.018 
43 2.96 79 0.015 
44 3.92 | 82 0.085 
Nickel 
45 1.98 42 0.040-0. 080 
46 4.78 AT 0.045—0. 090 
AT 9.84 54 0.035* 
48 20.16 68 0.030T 
49 30.06 81 0.025t¢ 
Aluminum 
50 0.09 35 0.028 
51 0.24 ° 40 0.025-0. 045 
52 0.51 42 0.025 
53 1.03 56 0.025 
54 1.98 57 0.022 
* Alpha grains. 
+ Final anneal 700°C. 
{ Final anneal 750°C. 
Table 13... Mechanical Prop- 


erties of Copper-phosphorus 
Alloys 


Final Anneal 1 hour at 500°C 


Yield Gj ° Elonga- 

Alloy | _P Points | cane ene 
No. Pct 0.50 Pct Pee Pct in 
Psi sh 2 In. 

5 8,200 34,000 48.5 

en 0.004 7,100 33,600 49.0 
18 0.007 6,800 33,300 50.0 
19 0.014 7,200 34,100 50.0 
20 0.028 6,200 33,600 48.0 
21 0.056 7,800 35,400 48.0 
22 0.10 6,800 35,000 50.0 
Ze 0.24 7,300 36,600 48.0 
24 0.46 8,600 39,000 48.0 
25 0.93 13,300 43,900 44.0 

ed eS ae 


attained in standard laboratory opera- 
tions, perhaps not. How certain can we 
be that more than a semblance of equi- 
librium has been reached in a recrystal- 
lized metal, that solute atoms have 
migrated from previous positions along 
previous grain boundaries to new posi- 
tions along new grain boundaries in suffi- 
cient numbers to establish the potentials 
or the tensions indicated? A very con- 
siderable degree of mobility must be 
assumed to get the solute atoms or pre- 
cipitates from place to place as new 
grains form in recrystallizing metal, and 
then to follow the boundaries as the 
grains grow. Is it not possible that solute 
atoms gathered in well established grain 
boundary regions, assuming that that is 
where these atoms do congregate, during 
one interval at annealing temperature 
may be left more or less in place during 
cold working and a subsequent interval 
at temperature, still occupying some- 
thing of their original planal or zonal 
positions in the mass and lying across the 
new grains as much as along the new 
boundaries? If this were so, it would 
seem plausible to assume that the residual 
arrangements of solute atoms, or pre- 
cipitates, would cause lattice strain 
within crystals and so offer favorable 
paths for transcrystalline cracks. 

Micrographs of transcrystalline corro- 
sion cracks, however, do not often sug- 
gest that the crack follows the polygonal 
alignment of former grain boundaries 
very faithfully. Perhaps a residual planar 
arrangement of residual solute in one 
crystal at or close to the exposed surface 
is enough to establish a notch in a stressed 
metal. The notch effect may predominate 
once the crack is established. It is not to 
be expected that the residue of any mesh 
work of grain boundaries would retain 
sharp definition through later structural 
changes. The traces of old boundary 
systems should disappear as later struc- 
tures develop. Yet the persistence of 
coring in the wrought nickel-silvers is an 
evidence of the persistence of inhomo- 
geneities in alpha copper-base alloys. 

As to the electrical circuits and the 
progress of inter-granular cracks to con- 
siderable depth, say through and below 
the second layer of grains, it may be 
asked whether microcurrents do or do not 
obey the general laws governing the flow 
of macro-currents. Presumably they do. 
It must be borne in mind that there is an 
analogy between the flow of current. in 
three dimensional conductors, that is, 
local currents in a mass of conducting 
metal, and the flow in restricted circuits 
that can be measured with precision. 
Specifically, it would appear that the 
grain boundary-grain body potential 
difference could operate only to promote 
corrosion in a crack to a depth at which 
the resistance of the lengthening circuit 
(up through the electrolytic, over the 
edges to whatever cathodic areas lay 
adjacent and back through the mass of 
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metal) would reduce the active current 
to ineffectual values. 


A simple anode to cathode circuit may 
exist only at the inception of a corrosion 
crack. As soon as appreciable depth was 
attained there would be modifying po- 
tential relationships between the more 
intensely anodic metal at the bottom of 
the crack and the less intensely anodic 
walls until the crack had widened by the 
removal of enough of the anodic wall 
metal to reveal cathodic crystal body. 
When this occurs, if indeed there has 
been no neutral point at which opposing 
emf’s within the crack stop attack on the 
walls, the simple anode to cathode circuit 
can become re-established. Other modify- 
ing factors, chemical reactions, polariza- 
tion, adsorption, and others, may all 
assert themselves in one or another order 
or intensity, perhaps inconstantly, to 
modify the progress of the crack. 


Again, cracks that are established by 
potential differentials may propagate in 
response to other forces such as stress 
concentration at the sharp bottom of the 
“notch. In any case, there should be no 
sharp transition from one to the other 
regardless of the time rate of progress in 
any system not subject to fluctuating 
external influences. 


There will be many special cases—per- 
haps every one observed will be special in 
some sense—and the wide mouthed crack 
mentioned above is one. 


No potential differences within grains 
have been reported in our series of corro- 
sion-cracking papers. They would be 
difficult to identify and measure. Such 
potential differences are conceivable and 
have their parallels in other physics. If 
boundary-to-body potentials exist be- 
cause of boundary precipitations or con- 
centrations, then a similar potential 
should exist within a crystal if an interior 
concentration existed and came through 
to an exposed surface. 


The whole subject becomes more in- 
volved the more it is studied. Perhaps the 
whole has become so wrapped up in words 
that only a clear sighted prophet can 
disentangle facts from fancies. May such 
~ a one emerge from the laboratories soon 
and reduce the laws of corrosion cracking 
to simple language. 


-D. H. THOMPSON and A. W. 
TRAC Y—In the alpha solid solutions of 
copper alloys, remarks about equilibrium, 
submicroscopical precipitation, or grain 
boundary concentration are all pure sup- 
position. Perhaps the observed effects are 
associated with such causes; as yet proof 
is lacking. 


In some aluminum alloys the condi- 
tions can be seen under the microscope. 
In his 1940 Institute of Metals Lecture,* 
Dix shows a micrograph (Fig 2) in which. 
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over-aging of an aluminum alloy con- 
taining 1.6 pet copper has resulted in a 
fine, randomly distributed precipitate 
that has agglomerated at the grain 
boundaries and left a solute-depleted 
zone. As Dix states in the present dis- 
cussion, either the depleted zone or the 
precipitate may be the anode that starts 
stress-corrosion cracking. It is obvious, 
however, that the atomic movement 
necessary to form this precipitate and 
depleted zone is small, and that a solution 
heat-treatment would readily redissolve 
the precipitate. Thus, a precipitate can 
form and be redissolved with only small 
atomic movements. 


In the case of copper alloys there is 
reason to believe that small amounts of 
impurities may be swept along ahead of 
an advancing grain boundary during 
grain growth. Presumably, this can occur 
because there is more room, more vacant 
lattice sites in the discontinuity of the 
boundary. If this mechanism takes place 
no precipitation heat treatment is neces- 
sary, foreign atoms are concentrated at 
the grain boundaries by a simple anneal. 
It is quite possible that the same mecha- 
nism explains why some solute atoms in- 
hibit grain growth. 


As to the lengthening current path in 
the deepening crack, an answer can be 
only conjecture, but certainly this process 
does not stifle the attack even in the 
absence of stress. In the presence of 
stress it has been shown (unpublished 
work, The American Brass Co.) that the 
rate of crack propagation is accelerated 
quite rapidly. Presumably this is the 
effect of the ever-increasing stress on the 
notch at the bottom of the crack. Mr. 
Kemp’s idea that the walls of the crack 
may become cathodic and reduce the 
length of the current path to the corrod- 
ing anodic area at the base of the crack is 
logical. At any rate, it is certain that if 
the resistance of the circuit increases, 
that is not the primary factor in deter- 
mining the rate of crack propagation. 


E. H. DIX*—The authors are to be 
congratulated upon a very nice piece of 
work which adds tremendously to our 
knowledge of the subject of stress cor- 
rosion cracking. I was a little bit in- 
trigued by the introduction of the paper 
in which the authors refer to season- 
cracking of brass as being associated with 
internal residual stresses and stress cor- 
rosion cracking as a proper terminology 
when the stress is from an externally ap- 
plied load. I suppose some of us who have 
been worrying about intergranular cor- 
rosion for a good many years do draw a 
distinction between ordinary intergranu- 


* Aluminum Co. of America. 


lar penetration which occurs fairly gen- 
eral along the surface and not too’ deep 
In most cases, in comparison with stress 
corrosion cracking of a material that is 
susceptible to intergranular corrosion, 
but where the crack goes through fairly 
rapidly because of the applied tension 
stress. 


There is reference here to the theory 
that we proposed some time back, but I 
think there is more emphasis put on the 
question of whether or not precipitation 
occurs than we had intended. In alumi- 
num alloys, especially the aluminum-cop- 
per system, I think we have demonstrated 
pretty conclusively that the anodic con- 
dition at the grain boundaries is caused 
by precipitation. In that case the alumi- 
num-copper compound is precipitated, 
but it leaves a depleted zone along the 
grain boundaries which is anodic to the 
remainder of the grain. In some other 
systems, in the aluminum alloys the 
precipitate is anodic. That is particularly 
true in the aluminum-base magnesium 
alloys. They are of interest because trans- 
granular as well as intergranular cracking 
occurs and the transgranular cracking 
follows slip planes along which there is 
precipitated constituent. I would like to 
be permitted to read the conclusion from 
the paper since I subscribe to it 100 pct, 
and really it is about all that we tried to 
put out as a generalized theory: 


“Any of these conditions makes the 
grain boundary region anodic to the grain 
bodies. Localized corrosion is accelerated 
and grain boundary penetration ensues. 
The presence of a tensile stress still fur- 
ther accelerates penetration by opening 
cracks and forming highly stressed 
notches.” 


D. H. THOMPSON and. A.W. 
TRACY—The definitions of season crack- 
ing and stress-corrosion cracking are used 
by the ASTM? and The Corrosion 
Handbook.? 


Attack in the absence of stress cannot, 
of course, be called stress-corrosion crack- 
ing nor does it have the appearance of 
cracking. The paper refers to it only as 
intergranular penetration. 


We agree entirely with the quoted 
conclusion, but we are still eager to find 
the cause of the shift in potential of the 
grain boundary in the anodic direction 
in copper alloys. 


The authors are grateful to the several 
discussers for their valuable contributions 
to the paper and to the subject itself. 


The subject can be summarized by 
saying that highly localized corrosion 
cells result from the chemical or metal- 
lurgical condition of the metal in a 
selected environment. Stress accelerates 
the failure. The paper shows how the 
composition of the metal may have a 
large effect on the formation of such cells. 
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Oxide Films Formed on Metals and Binary 
Alloys. An Electron Diffraction Study 


DISCUSSION 


(A. Wachter presiding) 


A. SQUIRE*—I am afraid I missed 
the explanation of the significance of 
Fig 3. I do not quite understand what the 
effect of the thickness of the film is, 
specifically your interpretation of the 
effect on the transformation of the oxide, 
from one type to another. In regard to 
tungsten copper materials, that is not a 
true alloy. It is just a mixture of tungsten 
and copper. Is there a real significance 
in trying to determine thermodynamic 
data in a mixture of that sort? 


E. A. GULBRANSEN} (replying for 
author)—Fig 3 to which you refer, shows 
that the Fe;0, to FeO transformation is 
a function of the oxide thickness. An 
oxide film of 4000 A in thickness shows a 
transformation temperature of 500 to 
550°C while an oxide film of 428 A shows 
a transformation temperature of 350 to 
450°C. The temperature for the thicker 
film is approaching the normal value of 
580°C. We have noted this effect several 
years ago and have checked the experi- 
mental evidence several ways. I would 
like to interpret this phenomenon as 
follows: Two equations are involved in 
the Fes;0, — FeO equilibria. 


Fe30O4 + Fe 24 FeO K, [12] 


3FeO + 5 Oz 2 Fe;0, Ks {13] 


The free energy data for these reactions 
are well known. The logarithm of the 
equilibrium constants K, and K» for the 
two reactions are given as a function of 
temperature in Table 6: 


Table 6... Equilibrium Constants 
FeO-Fe;0, 


* Westinghouse Electric Corporation. 
+ Westinghouse Research Laboratories. 
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Eq 13 is thermodynamically possible 
even in oxygen pressures found in the 
best of high vacua at all of the tempera- 
tures shown. Eq 12, however, is thermo- 
dynamically feasible only below 570-— 
580°C and not above. The temperature 
dependence of log Ky is small and even 
at a temperature of 400°C log kK, is 
—0.63. This is equivalent to a free energy 
change of 1940 calories per mol. At 
temperatures of 450 and 500°C the 
energy changes are 24 and 14 of the value 
calculated at 400°C. One may say then 
that the FeO-Fe;0, equilibria is rather 
unique in the flatness of the free energy 
curve and that small energy changes 
associated with thin films of matter may 
explain the change in transformation 
temperature. 

In regard to the question about the use 
of tungsten-copper materials, Dr. Hick- 
man mentions on p. 11, of the paper the 
fact the metals do not form a real binary 
alloy and that the reactions studied may 
be indicative of those that obtain with a 
mechanical mixture of these metals. 


S. E. MADDIGAN*—I will have to 
apologize to Mr. Gulbransen. In dis- 
cussing the oxide films formed on iron 
he has pointed out that the transforma- 
tion temperature for polymorphic trans- 
formations within these films seems to 
depend upon film thickness. His thermo- 
dynamic explanation for this is not quite 
clear to me. Although I have not had 
an opportunity to check the relative lat- 
tice parameters for iron and the oxides 
in the films, I believe that a suitable 
explanation can be provided by correlat- 
ing crystal geometry and thermodynamic 
potentials. It is well known that for thin 
films the curves for thermodynamic po- 
tential may be displaced if suitable 
geometric relations exist between the 
substructure and the material of the 
deposited film, or in the present instance 
the chemically formed film. For instance, 
if one deposits a film of a polymorphic 
material on a suitable substructure such 
that the space group of the substructure 
has a close geometric relationship to that 
of one phase of the polymorphic material, 
and if the lattice spacings concerned 


* British Columbia Research Council. 


differ by only 10 to 15 pct, then one finds 
that the transformation temperature of 
the polymorphic transition is shifted 
quite appreciably from that normally 
found for gross samples of the poly- 
morphic material. I would suggest that 
something of this nature is occurring in 
the present instance. In the first thin 
films mentioned by Dr. Gulbransen, from 
the thickness one would expect the sub- 
structure of the iron to have quite an 
influence on the overall thermodynamic 
potential. On the other hand for later 
thicknesses of the order of 4,000 A, the 
forces operating within the volume of the 
oxide itself assumed the major role and 
the transformation temperature is then 
approximately the normal value, so that 
the film assumes the structure of the nor- 
mal stable phase. 


E. A. GULBRANSEN—I find myself 
in complete agreement with Dr. Maddi- 
gan. My previous remarks were made in 
order to show that small energy differ- 
ences could explain the observed phe- 
nomena. The lack of matching of the two 
lattices may account for this difference in 
energy noted. 


R. I. JAFFEE*—I would like to ask 
if these alloys, particularly those con- 
taining chromium and molybdenum and 
tungsten were analyzed chemically. It 
seems to me there is a very good possi- 
bility of losing a lot of chromium in the 
preparation from the powders due to the 
volatilization. 


E. A. GULBRANSEN—Dr. Hickman 
does not say that the alloys have been 
analyzed chemically. They were prepared 
at our Bloomfield Lamp Division where 
many alloys of this type are prepared. 
The alloys, in both cases, were prepared 
by slurrying in carbon tetrachloride, the 
molybdenum or tungsten powder to- 
gether with the chromium metal powder 
and also the lubricant. The resulting 
mixture was dried and pressed into com- 
pacts which were subsequently prefired 
and then sintered in hydrogen atmos- 
phere. According to the ASM Handbook 
1948 Edition, both the chromium- 
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molybdenum and the chromium-tungsten 
systems show a solid solution equilibrium 
diagram. 


R. I. JAFFEE—In connection with the 
chromium tungsten alloy, we once had 
occasion to try to make a 10 pct Cr-90 
pet W. In an attempt to get the alloy 
dense it was necessary to sinter at higher 
and higher temperatures until finally 
after a dense product was obtained it 
was found by spectroscopic examination 
that there was not any chromium left as 
it had volatilized away. Chromium is 
very difficult to alloy with a high melting 
material such as tungsten by straight 


sintering techniques. 


A. SQUIRE—I might be able to shed a 
little light on that. Dr. Lustman of our 
Research Laboratories has done some 
rather extensive work on the preparation 
of molybdenum-chromium alloys. I be- 
lieve one of his methods at least was ac- 
tually to chromize the material, and he 
obtained molybdenum-chromium alloys 
in the entire range. On the other hand, I 
am almost positive that he has ob- 
tained a complete series of alloys by 
mixing chromium powder with molyb- 
denum powder and sintering at a high 
temperature. 


R. I. JAFFEE—I was referring to 
tungsten-chromium alloys particularly. 
It is necessary to get the alloy to a much 
higher temperature with tungsten-chro- 
mium, so that the vapor pressure of 
chromium is appreciably higher than it 
would be with molybdenum-chromium 
alloys. 


EK. A. GULBRANSEN—I have con- 
tacted our Bloomfield Works relative to 
Dr. Jaffee’s question. They do not indi- 
cate that they had any great difficulty 
with the volatilization of chromium. 


Magnesium-lithium Base Alloys—Preparation. 
Fabrication, and General Characteristies 
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By J. H. JACKSON, P. D. 


DISCUSSION 


(L. D. Jaffe presiding) 


R. S. BUSK*—I wish first to con- 
gratulate the authors of this paper both 
for the work done and the presentation of 
that work. We have also been working on 
this type of alloy development, but any 
technical contribution I might have is 
better reserved for a separate paper which 
is planned in the near future. 

However, I would like to insert a word 
of caution. The alloys described in this 
paper are still very much in the labora- 
tory stage. There still remains the quite 
vexing problem of property stability at 
slightly elevated temperatures which 
must be solved before the properties 
quoted can be effectively utilized. These 
alloys are extremely interesting and I am 
confident that the problems can be 

solved. However, the present existence of 
those problems must not be overlooked. 

I have one question with regard to the 
work-hardening test. If the work harden- 
ability of magnesium is compared to 
aluminum using a more standard test 
such as the Meyer Analysis the magne- 
sium is found to work harden the more 
rapidly. Is the test developed for this 
work truly a work-hardening test or a 
measure of something else? 
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FROST, A. C. LOONAM, L. W. EASTWOOD, and C. H. LCRIG 


J. H. JACKSON (authors’ reply)—I 
am sure we appreciate the comments of 
Mr. Busk and we are pleased that the 
Dow Chemical Co. has also undertaken 
work in this field. It is a big field. We, of 
course, are continuing our research for 
the Navy Bureau of Aeronautics, since, 
as clearly shown in the paper, the alloys 
are not completely developed. 

With regard to Mr. Busk’s comments 
on the relative work-hardenability of 
aluminum and magnesium, the compari- 
son we cited in the paper was intended 
merely to show that the results obtained 
by our method of testing were inde- 
pendent of the yield strength of the 
materials. We believe that this test 
method afforded a rough indication of 
the work-hardenability of the magne- 
sium-lithium base alloys. It is not known 
whether this method affords greater or 
less accuracy than the Meyer Process, 
which is based upon a_hardness-test 
impression. It is quite possible, since 
work-hardenability is a function of metal 
purity, that our results, obtained for 
commercial aluminum and magnesium, 
would be different if high-purity metals 
had been used. 


A. C. LOONAM—Lithium has some 
very interesting effects on magnesium. 
The paper showed that even small per- 
centages increased ductility. These small 
amounts changed the axial ratio of the 


hexagonal magnesium from 1.624 in the 
pure metal to 1.606 in the saturated alpha 
solution, a value close to that of titanium, 
which has a ratio of 1.601. You will recall 
an article in the January, 1949, issue of 
the Journal of Metals where it was stated 
that titanium can be cold-rolled over 90 
pct without any significant edge cracking. 
At 4.9 or 5 pet lithium, a change begins 
in crystal structure—from a hexagonal 
close packed to body centered cubic. 
There are two phases over a short range 
of lithium content, but at 10 pct the 
structure becomes completely cubic. The 
melting points of alloys in this range of 
lithium content are relatively high. Al- 
loys even up to the six ratio have melting 
points above 500°C; this represents a 
relatively small reduction in melting - 
point from pure magnesium itself. The 
magnesium-lithium system has a number 
of very interesting characteristics. This 
is only a very small part of the story. 


J. H. JACKSON—I would like to re- 
mind you that Mr. Loonam is one of the 
authors of this paper, and the fact is that 
this work is based on many of his ideas. I 
am sure we appreciate his additional 
comments in this discussion. 


R. LEITER*—I am interested in Fig 
19 in which Mr. Jackson compares 
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Table 11... . Typical and Minimum Properties 
asa tied ied: a Aa atm A 


strength properties of various alloys 


after correcting for differences in weight —— ; : 
with aluminum as the base. I have been Yield Strength, psi Tensile Strength, psi 
close to the application of stainless steel F Z ie 
in light weight structures and this chart | Compete (yee SST on ke 
appears to me not quite to do justice to Material Actua Taos to Cote 
stainless steel, particularly in the com- oe eet 
parison with 24S-T4 and 75S-T6 alumi- ESA ath) ne yal er 

S . - - 1nl- . = - - 
num alloy and SAE 1040 steel. For SAE Py plead eli Say ae eae fee) aan ee lc anaan 
1040 steel to show up so well it must be in JN 
the quenched and drawn condition and 445 74 pare 48,000 48.000 68,000 68,000 

i = 248-T4 clad 42,000 42, ; 4, 

coe CUSSION be oo tone he a ap 75ST. hain 72,000 73,000 82,000 83,000 
ties of the aluminum alloys appear to be — 75ST clad 67,000 68,000 76,000 77,000 
typical ratl tk ae 1 Th Stainless (Type 301)},H 123,000 | 110,000} 43,000 39,000 165,000 | 150,000 | 58,000 | 53,000 
ypical rather than minimum values. 1H Stainless (Type 301) 34H | 145,000 | 135,000 | 51,000 | 47,000 | 185,000 | 175,000 | 65,000 | 61,000 
stainless steel properties as shown in the Stainless (Type 301) FH 152,000] 140,000 | 53,000 | 49,000 | 195,000 | 185,000 | 68,000 | 65,000 


chart are fairly typical of type 301 in 14 
hard temper. However, the 34 hard 
temper is about the equal of 24ST4 and 
full hard temper is superior to this 
aluminum alloy. 


J. H. JACKSON—Mtr. Leiter’s re- 
marks are well taken especially with 
regard to the comparison between stain- 
less steel and 24S-T4. Table 11 gives the 
typical and minimum properties based 
on the most recent available data. 

The typical property data for stainless 
steel shown in this tabulation were sup- 
plied by Mr. Leiter as being typical of 


Budd experience. The typical data for the 
aluminum alloys were obtained from the 
publications of the Aluminum Co. of 
America. The data which we used origi- 
nally in constructing Fig 19 were taken 
from the National Bureau of Standards 
Circular No. C147. 

The relative properties shown in Fig 
19 for SAE 1040 steel were for the 
quenched and drawn condition, the 
drawing temperature being about 600°F. 
The relative properties shown for the 


stainless steel were for the 44-hard condi- 
tion. In the 34-hard condition the relative 
properties of the stainless steel would be 
about equal to those of 24S-T4 but in- 
ferior to those of 75S-T6. 

We wish to point out that the purpose 
of Fig 19 in the paper was to indicate 
that the magnesium-lithium alloys are 
comparable on a strength to weight basis 
with the aluminum alloy 75ST and 
superior on this basis to the aluminum 
alloy 24ST and to stainless steel Type 301 


Hydrogen in Aluminum 


DISCUSSION 


(L. D. Jaffe and D. W. Smith presiding) 


R. EBORALL*—The determination of 
the hydrogen content of aluminum alloys 
is of considerable technical value, par- 
ticularly in the study of casting and weld- 
ing processes, and any reliable method for 
its determination is to be welcomed, par- 

_ ticularly if it is simple in operation and 
utilizes techniques which are available in 
any laboratory. 

Modern vacuum hot extraction meth- 
ods have proved very suitable for the de- 
termination of hydrogen in aluminum,?!:22 
and not only are highly reproducible 
results obtained by any one laboratory 
but there is quite good agreement be- 
tween different laboratories using very 
different conditions of extraction.23 Suc- 
cess depends upon good vacuum tech- 


* Head of General Metallurgy Section, British 
Non-Ferrous Metals Research Association, Lon- 
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nique and upon extreme care in the 
preparation of the surface. It is standard 
practice to use a surface turned without 
lubricant—although other methods, if 
standardized, may be perfectly satisfac- 
tory—and to avoid touching the surface 
by hand at all. Under these conditions 
the contribution of the surface to the 
quantity of hydrogen obtained is constant 
for all practical purposes. As an illustra- 
tion of this constancy, and of the repro- 
ducibility of the method generally, it may 
be stated that in these laboratories 
duplicate hydrogen determinations, even 
on material as thin as 0.125 in., for which 
the surface correction is about 0.08 cm? 
per 100 g, generally agree within 0.01 cm? 
per 100 g. Ordinary commercial wrought 
materials in this country commonly run 
from 0.2 to 0.5 cm? per 100 g of hydrogen, 
except for high magnesium alloys which 
may contain rather more, so that for 
ordinary hydrogen determinations the 
method has more than adequate accuracy. 

I have made this point about accuracy 
at some length, because Mr. Dardel em- 
phasizes rather strongly the errors to 
which the work of Ransley and myself 


may have been subject from variations 
in “surface” gas. Nevertheless, we did 
not claim any particular accuracy for the 
determinations of solid solubility, which 
were of a preliminary kind and a very 
small part of an extensive program. In 
fact we said: ‘‘The results do little more 
than indicate the order of magnitude of 
the solubility, since it is so small that the 
errors inherent in the method become 
serious.”’* Now that a series of accurate 
determinations has been made by Ransley 
and Neufeld, there seems no reason to 
be dissatisfied with our earlier pre- 
liminary results. 

The validity of the hydrogen contents 
determined by vacuum extraction re- 
ceives confirmation, if any is needed, 
from observations obtained with a sim- 
ple method for estimating hydrogen in 
solid wrought metal, which has been de- 
veloped by my colleague A. J. Swain.?5 


* The method referred to consisted of holding 
specimens in hydrogen without prior degassing, 
and subsequently measuring the hydrogen con- 
tent. The greatest single potential source of 
error, in the light of later experience. was prob- 
pay the formation of voids due to some of the 
hy rogen originally present coming out of solu- 
tion at inclusions. 
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The principle of this method, which 
should be applicable to most of the 
aluminum engineering alloys, is to heat 
a thin piece of the metal for a short time 
in a dichromate bath at a temperature 
about midway between solidus and 
liquidus. Blisters are formed, the volume 
of which is a measure of the hydrogen 
content. It turns out that the pressure 
in the blisters, calculated from the known 
gas contents of the materials used for 
calibration, is about 1.1 atm. at the test 
temperature. The hydrogen can thus be 
converted into blisters which anyone can 
see for himself. The same sort of thing 
happens in castings;?4:26 one can measure 
the density and find the “percentage 
voids”’ and one can measure the hydrogen 
content: on the average, for sand cast- 
ings, a pressure between 1 and 2 atm. in 
the voids is obtained. 

In the discussion, contained in his pen- 
ultimate section, Dardel states that the 
values found by methods other than his 
own, including the vacuum hot extraction 
method, are greater than those which 
correspond to the solubility (in the solid 
at the melting point and at atmospheric 
pressure). That is commonly so. He con- 
cludes that the bulk of the hydrogen ex- 
tracted therefore necessarily comes from 
the surface layers. That is nonsense. 
Some of it does of course—for our own 
technique we have measured the quan- 
tity and allow for it. But in a casting gas 
may be present in pinholes as well as in 
solid solution. In wrought metal it may 
be present in solid solution at “internal 
pressures”’ far greater than atmospheric: 
the metal can, and frequently does, ab- 
sorb hydrogen in the solid state by the 
reaction with water vapor,?! which has 
ample energy,2”7 and, moreover, the hy- 
drogen present in pinholes in a gassy 
casting may be forced into solution during 
hot working. There are no doubt other 
ways in which extra hydrogen can be 
accommodated. 

Dardel quotes Kljatschko and others 
to the effect that the metal is riddled by 
channels, increasing its surface area, and 
that gas is obtained from this extra sur- 
face. I thought we had disposed of this 
point successfully,2® and do not wish 
to go over the same ground again. 
Klyachko’s ideas are contrary to classi- 
cal gas-metal theory and are based upon 
his colloidal or micellar theory of metals 
which is incompatible with the generally 
accepted one (that is, according to 
Klyachko’s theory a metal is not 
truly crystalline). Tamman and Brede- 
meier’s results, adduced in support of 
Klyachko, are very extraordinary; if one 
is to believe them, any metal is permeable 
throughout to large dye molecules. Since 
sound metals including aluminum have 
no detectable permeability to inert gases 
including helium,?**°.#1 I suggest that the 
results need not be taken too seriously. 
Of course, if the metal contains continu- 
ous shrinkage porosity, or severe lamina- 
tion owing to cold shutting, bad extrusion 
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practice or the like, that is a different 
matter. 

Incidentally the author misrepresents 
Ransley and myself?! when he heads his 
Table 1 ‘Amount of Adsorbed and 
Dissolved Hydrogen,’ and continues 
throughout to write of “adsorbed hy- 
drogen”’? when referring to our work. It 
is true that alumina formed at low tem- 
peratures is highly adsorptive, and it may 
be that the alumina surface film contains 
adsorbed hydrogen which is subsequently 
extracted, but we would prefer to think 
(and in this we agree with Klyachko) 
that the “‘surface hydrogen”’ is produced 
on heating the specimen, by the reaction 
of adsorbed water with the metal. 

Mr. Dardel’s method for determining 
hydrogen contents is of great ingenuity, 
and has the advantage that the apparatus 
is extremely simple. It is not however an 
absolute method, since it depends in the 
first instance upon the solubility of hydro- 
gen in the liquid metal, which must be 
determined by some other method. For 
this, a number of published results have 
been averaged. In Fig 1 of the paper, 
representing some of the data available, 
the scatter is not very obvious; however, 
actual results at just above the melting 
point of aluminum are highly discordant. 
At 700°C they range from 0.08 cm? per 
100 g (Réntgen and Braun) to 0.95 cm? 
per 100 g (Baukloh and Oesterlen); there 
is thus an uncertainty represented by a 
factor of 12, and this must be reflected in 
the values for hydrogen content obtained 
by Dardel’s method. If the results of the 
more recent and very careful liquid solu- 
bility determinations of Ransley and 
Neufeld be accepted, the highest of these 
figures is correct and the equation used 
by the author yields results over three 
times too low. 

If the results reported in the paper are 
multiplied by three, they accord quite 
well with experience. Thus in Table 4, 
giving the amounts of dissolved hydrogen 
after casting, alloys A and B, which were 
directionally solidified but from gassy 
melts, would have hydrogen contents of 
0.19 and 0.16 cm? per 100 g respectively, 
whereas C, which contains gas porosity, 
would have 0.38 cm? per 100 g. These 
figures are entirely reasonable. 

It seems rash to assume, however, that 
the hydrogen contents of alloys A and B 
are equal to the solid solubility. There 
may be slight supersaturation during 
solidification, and bubbles of gas may be 
trapped by the advancing crystals; only 
if these effects could be proved absent 
could the figures be accepted as repre- 
senting the solid solubility. However, to 
return from the results to the method 
itself, there is a limit above which it is 
impossible to measure the hydrogen 
content of solid metal by this method; for 
if the hydrogen content exceeds the solu- 
bility in the liquid at the melting point, 
and if Mr. Dardel’s assumptions are cor- 
rect, the excess will boil off during melting 
before the pressure reading is taken. This 


may not be a very serious limitation in 
practice, however, since such high figures 
(over approximately 0.69 cm? per 100 g2* 
are seldom encountered. 

There are also further difficulties. One 
concerns the nucleation of a bubble. The 
author attempts to show that there is no 
nucleation difficulty; this may be true in 
some instances, but the experiments re- 
ported on 99.99 pct aluminum suggest 
that it is not always so. We do know 
that, in melts of commercial alloys, pri- 
mary particles of one kind or another are 
generally present at temperatures well 
above the melting point; it has been 
possible to concentrate them with a 
centrifuge so that they are readily visible 
under the microscope.*®2 With high purity 
alloys, or even, it may be, with ordinary 
alloys without certain additions or im- 
purities, these particles may not be 
present, and nucleation may accordingly 
present an obstacle to the formation of 
bubbles. 

Another possible source of error is the 
possible gain or loss of hydrogen from the 
surface, before the pressure reading is 
taken. The author assumes that the metal 
is protected by an impermeable alumina 
film. That may well be true for many 
alloys, but no check appears to have been 
made on it. For some alloys, however, 
particularly those with high magnesium, 
the assumption appears of very doubtful 
validity, since a magnesia film may be 
formed and this is not likely to have a 
protective effect. 

In short, I think this is an interesting 
and potentially valuable method, but 
that not the slightest reliance can be 
placed on the figures so far reported. 

I should like to see the method thor- 
oughly tried out by making a series of 
estimations, but using the latest liquid 
solubility data,*! and comparing the re- 
sults with those obtained on the same 
materials by vacuum extraction. If this 
is not feasible, a more direct evaluation of 
the possible sources of error should be 
made. 

There is great scope for a really good 
method of estimating rapidly the hydro- 
gen content of molten aluminum alloys, 
for foundry control purposes. The ordi- 
nary Straub-Pfeiffer reduced pressure 
test (the author’s ‘““vacuum sample’’) 
with the 1 mm or the pressure normally 
used, is as the author points out, very 
much too sensitive for practical purposes. 
For a good many years we have used this 
test in these laboratories with a pressure 
of 20-60 mm of mercury, for aluminum 


. and magnesium base alloys; actually we 


recommended the use of such pressures in 
a report issued to our member firms in 
1941. At this pressure the test gives a very 
useful rough measure of the hydrogen 
content of the melt, but does not give a 
quantitative result (unless density meas- 
urements are subsequently made). Dar- 
del’s method on the other hand, provided 
it can be established on a sound basis, is 
ideal for this kind of purpose. It is simple, 
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rapid and gives a quantitative result. The 
apparatus, like that for the reduced pres- 
test, could be made robust and 
easily portable, so that it could be moved 
around a large foundry to furnaces or 
casting machines, to take samples at any 
stage in the melting and casting process 
and give the answer on the spot. But that 
answer needs to be the correct one. 


sure 


M. B. BEVER*—The author finds by 
the method described in this paper that 
solid aluminum just under the melting 
point dissolves 0.058 cc of hydrogen in 
100 g of metal. Recently Ransley and 
Neufeld’! published solubility data for 
hydrogen and aluminum that were meas- 
ured by a very careful equilibrium 
method. These authors found a hydrogen 
solubility of 0.036 cc in 100 g of aluminum 
just below its melting point. 

In place of an exhaustive critical 
evaluation of the method described in 
this paper, attention will be called only to 
two major factors. These factors seem of 
such an important nature as to transcend 
any conclusions drawn from a statistical 
analysis of the experimental results. In 
this connection it should be emphasized 
that the two factors to be discussed op- 
pose each other and under favorable 
conditions may partly cancel out in the 
resulting value of the hydrogen content. 

In the first place, a marked weakness of 
the method is its inability to distinguish 
between different gases since the assump- 
tion that aluminum evolves only hydro- 
gen is probably less well founded than 
the author believes. Secondly, it is 
inescapable that surface tension inhibits 
the formation of gas bubbles as Brower 
and Larsen?? have shown quantitatively 
for the evolution of carbon monoxide 
from liquid steel..The presence of nuclei 
reduces the inhibiting effect of surface 
tension but does so in an unpredictable 
manner which cannot be reproducible 
under all possible conditions. In view of 
uncertainties such as these it seems that 
results obtained by the method suggested 
in this paper do not lend themselves to a 
rigorous analysis. 


C. E. RANSLEY{ and N. D. G. 
MOUNTFORD{—We have read _ this 
paper and also Dardel’s previous one,?9 
with some care, since the subject is one 
with which we are closely concerned: The 
method he suggests for the measurement 
of the hydrogen content of aluminum and 
aluminum alloys is simple in concept, and 
if capable of giving reproducible and ac- 
curate results would have attractive 
possibilities for foundry control work. 
Since the publication of this paper there- 
fore, we have constructed an apparatus 
similar to that described by Dardel and 
have carried out some experiments to 
determine what relation exists between 
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the true hydrogen content of a bath of 
molten metal and the value predicted by 
the author’s bubble-pressure method. 
The results we have obtained are of some 
interest, and we would like to take this 
opportunity of presenting them. We may 
say now that we believe that the method 
proposed by the author is open to some 
criticism on fundamental grounds, and 
that our experiments demonstrate this. 
However, we have admittedly carried out 
only a limited number of tests, and we 
would welcome any comment Mr. 
Dardel has to make on our interpretation 
of them. 

Before giving these results, there is one 
point we would like to emphasize. The 
method is based upon the assumption 
that the first bubble is formed in the 
liquid metal when the external pressure is 
reduced until it is equal to, or perhaps a 
little less than, the ‘‘internal pressure” 
of hydrogen in the melt. The value pre- 
dicted for the gas-content will thus be a 
direct function of the value of the solubil- 
ity of hydrogen in the metal at the 
temperature of test. The author has 
taken the mean value of solubility from 
the early published data (ignoring, how- 
ever, the results of Baukloh and Oester- 
len? and Baukloh and Redjali'*) and has 
derived his equations and constructed his 
nomograms on the assumption that these 
data are reliable. They are, in fact, con- 
siderably in error, particularly at the 
lower temperatures, which are the most 
important from the practical point of 
view. In these Laboratories we have re- 
cently? remeasured the solubility of 
hydrogen in liquid aluminum by an 
orthodox procedure and have established 
values which are considerably higher 
than those previously accepted; since the 
publication of our paper we have con- 
firmed these values by an independent 
method, details of which we hope to pub- 
lish shortly. We find that the solubility 
at 700°C, for example, is 0.92 cc per 100 g, 
whereas the value assumed by the 
author for this temperature is only 0.27 
cc per 100 g. In other words, the values of 
gas-content calculated by Mr. Dardel 
(assuming that the deduction is other- 
wise valid) are wrong by a factor of more 
than 3. It is quite obvious, indeed, that 
the gas contents he quotes, that is, those 
given for duralumin, in his first paper, are 
far too low, since they are much less than 
the values obtained by hot-extraction 
measurements; the latter are now estab- 
lished on a firm basis and yield results in 
good arithmetic agreement with porosity 
values. We do not want to stress this 
point any further in the present contribu- 
tion, since we have already dealt with it 
in the discussion of our recent paper. 
We would like to make it clear, however, 
that we consider the values of solid 
solubility deduced by Mr. Dardel to be 
quite without significance. It is true that 
they are of the right order, but that is due 
entirely to a fortuitous combination of 


circumstances. 

The bubble-pressure apparatus we 
have constructed is very similar to that 
described in the paper. The vacuum 
chamber is exhausted by means of a 
rotary oil pump and the pumping line 
arranged so that the pressure can be 
reduced at a reproducible speed, that is, 
to 380 mm in 15 sec and to a limiting 
pressure of about 5 mm in 80 sec. The 
temperature of the metal sample is meas- 
ured by means of a thermocouple in- 
serted into a re-entrant tube in the base 
of the cast-iron crucible; we have kept 
this at about 700°C in all the tests we 
have so far carried out. 

We used 30 Ib charges of metal melted 
in a gas furnace for our experiments. 
When commencing a _bubble-pressure 
test, a sample of the melt was taken in a 
small ladle and some metal poured into 
the crucible in the apparatus, which was 
preheated to the appropriate tempera- 
ture; the remainder of the metal in the 
ladle was then cast into a chill mold to 
form a sample suitable for subsequent 
measurement of the gas-content by hot- 
extraction. Two commercial grades of 
aluminum, 99.2 and 99.8 pct, have been 
investigated and the results of the various 
measurements are summarized in Fig 9 
and 10. In these figures we have plotted 
the true gas contents, as determined on 
the chill-cast samples, against the values 
predicted by the bubble-pressure meas- 
urements. The predicted hydrogen con- 
tent m (cc per 100 g) has been calculated 
from the pressure observations on the 
assumption that it is given by the follow- 
ing equation derived for our own solubil- 
ity results: 


gees, ze 2160 
O10 a T 


+ 1.356 + Slog Px, [12] 


where Pu, is the “internal pressure’’ of 
hydrogen in the melt, which is assumed to 
be identical with the pressure at which 
the first bubble is observed. 

It will be seen that the results on the 
99.8 pct purity metal (Fig 9) are very 
widely scattered and, in fact, in 4 out of 
8 experiments no visible bubble had 
formed at the limiting pressure of the 
apparatus (5 mm mercury) although the 
hydrogen content of the samples varied 
from 0.16 to 0.63 cc per 100g. The bubble 
formation in this alloy was obviously 
very irregular and the measurement 
worthless as a measure of gas content. 
This is, however, perhaps not unexpected 
in view of the experience of the author 
with 99.99 pct purity metal, and his gen- 
eral observation that the accuracy of the 
method decreases as the metal purity 
increases. 

The results on the 99.2 pct purity 
metal (Fig 10) are of some interest. Un- 
fortunately the melts used for our ex- 
periments with this metal had only a 
limited range of gas contents (about 0.25 
to 0.45 cc per 100 g with one exception) 
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and it is therefore difficult to draw any 
firm conclusions from the data obtained. 
It will be seen that in this case the 
bubble formation is not entirely random. 
If the one “rogue” point is ignored, 
there is statistically a significant correla- 
tion between the predicted gas content 
and the true gas content; in fact, knowing 
the relationship given by this curve, the 
true gas content of a melt could be 
predicted with a standard deviation of 
about +0.04 cc per 100 g, but this only 
holds over such a restricted range of true 
gas content that the measurement is of 
little value. The calibration curve is very 
flat, and in addition, the data plotted in 
Fig 10 suggest that no formation of bub- 
bles can take place unless the gas content 
of the metal is greater than about 0.26 
ec per 100 g. Further work would be 
necessary to confirm this, however, and 
we have not had time to carry out the 
necessary experiments. 

It seems probable that the predicted 
gas—true gas relationship in the case of 
alloys such as duralumin will be of the 
same type as that shown in Fig 10. If so, 
it becomes possible to understand de- 
gassing curves of the type which the 
author has presented, such as that given, 
for example, in Fig 2 of his earlier paper,!® 
which purports to show a sevenfold de- 
~- crease in the gas content of a duralumin- 
type alloy held in an electric furnace for 
2 hr. If the values on this curve are cor- 
rected to a proper solubility basis, and 
then converted to true hydrogen contents 
with the aid of Fig 10 the decrease in gas 
content on standing then becomes from 
0.31 to 0.27 cc per 100 g instead of from 
0.07 to 0.01 cc per 100 g. Although this 
derivation involves several assumptions 
of uncertain validity, the result is very 
much of the order that one would pre- 
dict from practical experience. 
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We do not propose to attempt a full 
explanation of the results we have given 
here. It seems very probable that the re- 
lationship between the gas content as 
predicted by bubble formation and the 
true value is very much influenced by the 
experimental conditions. For example, 
the loss of gas from the sample by diffu- 
sion during evacuation will obviously be a 
function of the rate of reduction of pres- 
sure. A fast rate of pumping is therefore 
desirable from this point of view. On the 
other hand, if the diffusion of hydrogen to 
a given point is a rate-determining factor 
in bubble-formation, a fairly slow rate of 
pressure reduction would be indicated. 
Mr. Dardel gives no information as to the 
rate used in his apparatus and we are 
unable to say how our conditions compare 
with his; we should be interested to have 
some details on this point. From the re- 
sults of our tests, however, we conclude 
that although bubble formation is, as one 
would expect, influenced by the amount 
of hydrogen dissolved in the metal, there 
is another factor involved which makes it 
impossible to apply the simple theory 
proposed by the author. This factor is, we 
believe, primarily a question of the sta- 
bility and surfacing of the gas nuclei 
which must pre-exist in the melt if bub- 
ble formation is to take place at all, and 
which a simple calculation shows must 
be of quite appreciable radius. The 
nature of these nuclei is not known with 
certainty, but they may well originate 
from particles of hydrated oxide, which 
enter the metal mainly from scrap addi- 
tions. It is of some significance in this 
connection that in high-purity melts, 
which are likely to be entirely of virgin 
ingot material, bubbles are formed only 
with considerable difficulty. The author 


aluminum. 


has noted this effect in his paper but has 
not attempted any explanation as to its 
cause. But whatever the correct explana- 
tion may be, it seems clear that a com- 
plication exists which makes the proposed 
method of measuring gas contents of little 
value as a quantitative tool. 


H. UDIN*—There is apparently a mis- 
print in the paper on p. 5, bottom of the 
first column. This equation should read 


4702 (dT/T?) = 2.5 pet 


The method of determining solubility 
of a gas in solid metal by measuring the 
internal gas pressure in the remelted 
ingot is a very ingenious one. However, 
the assumption that the surface tension 
in the nucleating bubble can be neglected 
because it does not influence the scatter of 
the experimental results is not necessarily 
a valid one for several reasons. In the 
first place, it would be true only if there 
are relatively few artificial nuclei of 
widely different sizes present in the melt. 
However, experiments on undercooling 
indicate that this is not the case, par- 
ticularly in metals which have not been 
especially treated to eliminate centers of 
nucleation. 

If a batch of metal contains n artificial 
nuclei per unit volume (on the average), 
then, in measuring any phenomenon de- 
pendent on the size distribution of these 
nuclei, statistical theory indicates that, if 
the experiment is conducted on a unit 
volume, there will be a probable error of 
1/+/n. If we have as few as one potential 
nucleus per cubic millimeter, n will equal 
35,000 for a 100 g sample, and the proba- 
ble error is 0.5 pct. This amount of 
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scatter would hardly be noticeable in the 
5 pet scatter due to other factors. The 
surface tension term in the author’s Eq 2 
can thus have a real effect on the pressure 
without appreciably influencing the scat- 
ter of the experimental results. 

We can also question the validity of 
the hypothesis of Eq 3 by drawing on 
well-known nucleation theory. The mini- 
mum size of nucleus which can grow into 
a bubble is determined by the balance of 
surface tension with the difference be- 
tween external pressure and activity of 
the dissolved hydrogen. Relatively large 
nuclei may already be present as cavities 
on the surfaces of solid impurities. If the 
largest. artificial nucleus is of the same 
order of size as the smallest stable nucleus 
in every experiment, little dispersion will 
be found in the determinations, but the 
error in the basic hypothesis behind Eq 3 
may still be large. 

Excessive pumping speed may also 
play a role in minimizing the dispersion 
of the results. Under these conditions the 
rate at which a bubble will grow to visible 
size under a favorable pressure differen- 
tial would then be determined by the 
diffusion rate of hydrogen in aluminum 
as well as by the magnitude of the pres- 
sure drop. The difference in the times 
required for a bubble to grow to ob- 
servable size from nuclei of even con- 
siderable size difference is undoubtedly 
small, since the volumes of the nuclei are 
negligible compared with the volumes of 
the observed bubbles. In this case the 
surface tension term can again effect the 
final answer without introducing any 
experimental dispersion. 

Would Mr. Dardel please inform us as 
to whether his pumping speeds are low 
enough to permit an equilibrium bubble 
size to exist at al] times? 

Mr. Dardel also implies that the sur- 
face of the melt is covered by a film which 
is impervious to hydrogen loss by diffu- 
sion. Would he please tell us on what evi- 
dence he bases this opinion. 

The author’s technique may well prove 
to be of benefit to students of gases in 
metals. It is therefore of considerable 
importance that these theoretical ques- 
tions be cleared up. 


F. N. RHINES*—In connection with 
what has just been said, I think perhaps 
it is worthwhile to point out that all of 
the various methods that have been used 
for determining hydrogen in aluminum 
failed to take into account one im- 
ponderable which is the amount of hy- 
drogen, perhaps combined as water, 
perhaps as hydrogen, which very likely 
exists in the oxide film. The critical ex- 
periment, it seems to me, that should be 
run by someone is to compare the ap- 
parent solubility by any one method for 
samples of varying ratios of volume to 
surface area, so as to find out whether 
there is a reali effect of moisture dissolved 
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in the oxide film. We know, of course, that 
aluminum oxide is very efficient in cap- 
turing water vapor. It is my recollection 
that the method used by Ransley did not 
entirely eliminate the possibility of such 
contamination. Certainly in this case, it 
seems that some contamination of the 
oxide film is quite possible. Whether or 
not hydrogen from that source could turn 
up in the final analysis is still another 
question, but 1 think it needs to be proved 
one way or the other whether the oxide 
film can contribute to the apparent 
analysis. 


E. A. GULBRANSEN*—I think one 
has to consider certain chemical reactions 
as sources of gases in aluminum. Let us 
consider the reaction of aluminum with 
water vapor from the vacuum system to 
form the oxide and hydrogen. This reac- 
tion is possible from thermodynamic 
considerations and the necessary water 
vapor is present if the degassing experi- 
ments are carried out in the vacuum of a 
rotary pump. 

There are other reactions of this same 
type forming other gases. I feel that in 
discussing the liberation of hydrogen and 
other gases from metals one must con- 
sider the fact that certain chemical reac- 
tions may occur on the surface forming 
new gases. 


Y. DARDEL (author’s reply)—I 
should like to express my thanks to all 
contributors to the discussion on this 
paper for their interest and the care with 
which they have examined the results 
described. 


Reply to Messrs. Ransley and Mountford: 


The first point discussed by Messrs. 
Ransley and Mountford is of course the 
solubility of hydrogen in liquid alumi- 
num. At the time of the experiments re- 
ported in the paper, the values of 
Rontgen and Braun, R6ntgen and 
Moller, Bircumshaw as well as Winter- 
hagen, were considered as the most relia- 
ble, for they gave approximately the 
same mean solubility, while the values of 
Baukloh and Oesterlen were far higher 
and those of Baukloh and Redjali 
intermediate. But the determination ap- 
paratus suggested being one of relative 
and not of absolute character the estab- 
lishment of new and more accurate 
calibration curves can only be welcome. 
Therefore as the last measurements of 
Messrs. Ransley and Neufeld?! confirm 
the values given formerly by Baukloh and 
Oesterlen it might be better to adopt 
these new values. However, before taking 
up this step it must be noted that the two 
sets of data (R6ntgen and collaborators 
as well as Bircumshaw on one side, 
Baukloh and Oesterlen as well as Messrs. 
Ransley and Neufeld on the other) do not 
agree very well with the Borelius’ law,34 
while intermediate values do (Fig 11). Of 
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course the Borelius’ law is only an em- 
pirical one and any departure from it may 
be observed, but these differences should 
be pointed out. 

The value of the solid solubility given 
in the paper depends of course upon the 
value adopted for the liquid solubility. 
When the solubility at melting tempera- 
ture in liquid metal is equal to 0.17 cm* 
per 100 g, the solubility at the same tem- 
perature, but in solid metal, is equal to 
0.058 cm? per 100 g. On the other hand, 
when the datum of 0.69 given by Messrs. 
Ransley and Neufeld is to be accepted 
the values of this paper give then 0.15— 
0.20 cm? per 100 g in solid metal. Besides, 
there may be a slight supersaturation as 
pointed out by Mr. Eborall and the 
values given might be a little too high. 
But if the liquid solubility at melting 
point is as high as 0.69 cm# per 100 g a 
solid solubility of only 0.036 seems rather 
low as can be shown from the value of 
the solubility ratio (Table 8 and Fig 11). 
liquid solubility . 
solid solubility “” 
creases with the decrease in solid solu- 
bility at melting point, but it does not 
seem that the decrease occurs as quickly 
as pointed out by the datum of 19. . 

During the experiments reported here, 
the exact pumping speed has not been 
measured, but as all the authors who 
have contributed to this discussion have 
rightfully pointed out its importance, I 
shall explain at length the method used 
to choose the proper one. 

The pressure is read at the moment 
given by the observer of the sample sur- 
face. The time elapsing between the 
observation of the bubble formation and 
the time of pressure reading (or dead 
time) must be of course so much the 
shorter as the speed of pressure diminu- 
tion is higher. When the variation of 
pumping speed is rapid in the medium 
pressure range (1 <p < 150 mmHg) 
where the measures are usually carried 
out, the values read at the higher pressure 
(and therefore with the higher speed of 
pumping) can be quite different from the 
actual ones corresponding to the time of 
bubble formation, while the measures 
made at lower pressure (and therefore 
with the lower speed of pumping) may 
scarcely differ from the actual one. The 
computation of such results can only lead 
to misinterpretation. 

At the beginning of the experiments 
(preliminary experiments not reported 
in the paper), a one stage rotary pump 
without the gap G (Fig 3) was used: the 
variation of the speed of pumping varied 
rapidly with the pressure in the range of 
pressure measurements and the deter- 
minations were wrong. 

For instance an Alpax (13 pct. Si) was 
held at 750°C and its hydrogen content 
was determined at different temperatures 
between 750 and 580°C. In that way it 
was possible to vary the formation pres- 
sure of the bubble for a given amount 
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FIG 11—The solubility of hydrogen in different metals. 


of hydrogen, the formation pressure being 
so-much higher as the temperature was 
lower. 

The results are given in Fig 12. The 
measured hydrogen content seemed so 
much lower as the pressure was higher, 
for at high pressure the value measured 
was much lower than the actual one. 

On the other hand, the speed of pump- 
ing must not be too low because the dif- 
fusion of hydrogen through the surface 
makes the appearance of the bubble more 
difficult. 

The speed of pumping is then limited 
only by the dead time of the measure- 
ment. 

In a commercial apparatus it would be 
absolutely necessary to simplify the 
method of pressure reading. A push but- 
ton operated by the observer would cause 
a hand to stop, thus giving the actual 
pressure. 

The results of Messrs. Ransley and 
Mountford on hydrogen determination in 
high purity aluminum (99.8 pct) confirm 
my own results (99.99). In a similar case 

-[ have written that “any hydrogen de- 
termination with an acceptable accuracy 
is impossible.” 

Regarding the results of the determina- 
tion carried out on a 99.2 pct aluminum, 
the departure of the correlation line from 
a 45° straight line can be due either to an 
increasing error of pressure reading when 
the hydrogen content rises, or to a varia- 
tion in the nucleation conditions. 

When the hydrogen content is higher 
than 0.30 cm? per 100 g (Mr. Ransley’s 
scale), the bubble pressure apparatus 
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gives, for 8 measures out of 9 with excep- 
tion of the “rogue point,” lower values 
than the hot extraction process. But I 
have pointed out previously that an 
increase in the error of reading can easily 
occur with an increase of pressure when 
the speed of pumping is too rapid. The 
bubble pressure determinations reported 
in Fig 10 have been all carried out at 
about 700°C, therefore the pressure 
bubble formation increased with the 
hydrogen content and likewise a possible 
error of reading. 

For hydrogen contents lower than 0.3 
em? per 100 g nothing can be said, for in 
Fig 10 all these values are distributed at 
random; that would mean that for hy- 
drogen contents lower than 0.30 cm? per 
100 g according to Ransley’s scale and 
0.090 cm? per 100 g according to my 
scale, the bubble pressure apparatus 
could not be used. However Fig 2 and 3 of 
my first paper show that almost all the 
values are smaller than 0.090 and are not 
distributed at random but follow per- 
fectly logical laws: hydrogen content in- 
creases during heating in a gas furnace 
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FIG 12—Variation in the determined hydrogen content, when 
the conditions of pumping are wrongly regulated. 


and decreases during holding in a gas 
furnace (burners out) or in an electric 
furnace. 

If the values of Fig 10 are not con- 
sidered lower or higher than 0.3 cm? per 
100 g, but as a whole, the calculation of 
the correlation shows that they cannot 
give correct results. The application of 
the coefficient of correlation to the values 
given on Fig 2 of the paper would give a 
loss of only 0.04 cm? per 100 g (Ransley’s 
scale) or 0.012 (my own scale) by stand- 
ing 2 hr in an electric furnace. 

Such a small hydrogen decrease cannot 
be detected on the properties of an alumi- 
num alloy (see for instance Fig 9 of the 
Ransley and Neufeld paper), while the 
effect of a 2 hr holding is well known by 
all aluminum foundrymen and can be 
very easily noted in the appearance of a 
vacuum sample. 

Concerning the formation of a hydro- 
gen bubble in an aluminum bath, it has 
been recalled in the paper that the hy- 
drogen pressure in it was equal to 


s 
Puy = pa + — 


and that the unobservance of the term 
Zila 

=" introduces a supplementary error 
r 


which has been included in the teens 


4 estimated by means of dispersion 
measures. 

Therefore any direct comparison be- 
tween bubble pressure and hot extraction 
measurements would be particularly wel- 
come. Such a study would allow the 
analysis of the source and variation of 
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FIG 13—Aspect of surface of a wrought duralumin sample after 4 days heating at 560°C. 


(Hot rolled down to 8 mm.) 


ad 


FIG 14—Formation of pores and blisters in wrought duralumin by heating at 
560°C for 4 days. 


(Hot rolled down to 8 mm.) 


error represented by f, particularly the 
2 A 

effect of the unobservance of iam on its 
r 


value. 
It may be that this study would allow 


the estimation of the ae value and 
r 


through the introduction of a corrected 
pressure in Eq 4 more accurate results 
than those illustrated in Fig 5 might be 
obtained. : 


Reply to R. Eborall: 


Mr. Eborall’s discussion may at first 
seem to indicate that the determination 
by hot extraction of hydrogen contained 
in aluminum gives very accurate and 
indisputable results. However an ex- 
amination of the papers cited by Mr. 
Eborall do not lead to such a conclusion. 
Sloman,?? whose work on hydrogen de- 
termination in steel samples is now 
considered a reference in all laboratories 
of the Continent, tried to determine the 
gas content of aluminum samples with an 
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apparatus similar to that used for steel. 
This author is quoted by Mr. Eborall as 
having given very accurate results. How- 
ever, if Sloman’s publication is one of the 
first to have cleared up the problem of 
gases in aluminum, the absolute values 
given are far from accurate in view of 
Ransley’s work. For instance Table IV 
(Fig 40+) of Sloman’s paper states that 
hydrogen in excess of that which fills 
voids of a porous casting is equal to 
0.47—0.50-0.51. However, according to 
Ransley and Neufeld this value is about 
0.12 cm’ per 100 g and, according to my 
own experiments expressed in Ransley’s 


‘scale, about 0.15-0.20. The discrepancy 


is important. Regarding the results cited 
in Ref. 9, instead of discussing the dif- 
ference between “‘adsorbed”’ and ‘“‘sur- 
face” hydrogen—the first coming from 
hydrogen present in the atmosphere and 
adsorbed as such, while the second would 
come from the decomposition by heating 
of adsorbed water vapor—it remains that 
the surface correction was of the order of 


the measured value and Ransley and 
Neufeld* could write: ‘‘Eborall and 
Ransley estimated the solubility in com- 
mercial aluminum at 600°C to be ap- 
proximately 0.10 cm? per 100 g, but their 
method involved the subtraction of a 
large and rather uncertain correction 
from their measured value’’; and Ransley 
and Neufeld now give a value of 0.026 
as solubility at 600°C. 

I have recalled these values not to 
point out these differences, but only to 
make clear that a hot extraction deter- 
mination remains delicate even with the 
most accurate apparatus and is therefore 
always subject to error. 

The method of estimating hydrogen 
content by measurement of the density 
of an aluminum sheet after heating be- 
tween liquidus and solidus is perfectly 
logical and is of interest to all laboratories 
which do not possess a hydrogen deter- 
mination apparatus. It proceeds from the 
old qualitative method of hydrogen 
estimation by observation of the appear- 
ance of a sheet heated at 560°C for one 
hour. 

The method of Mr. Swain gives the 
total amount of dissolved hydrogen, but 
can be used only with wrought material 
(Fig 13 and 14). Any heating of a sheet 
milled in as cast material leads to the 
formation of channels through which dis- 
solved hydrogen escapes (Fig 15-16). 

On the other hand the measurement of 
the density of a casting gives only the 
amount of gas above the limit of solubil- 
ity at melting point provided that no 
oversaturation occurs. In fact the hydro- 
gen content of duralumin sheet must be 
far lower to make sheet weldable without 
any defect (Fig 17). 

The penultimate section on hydrogen 
determination by hot extraction must not 
be separated from the context. It has 
to be applied to the usual hot ex- 
traction apparatus having an accuracy of 
only 0:2 cm? per 100 g. 

Regarding the amount of hydrogen 
which can be extracted from a sample I 
have shown (Table 4) that hydrogen con- 
tent can be higher than the solubility 
limit at melting point when pores are 
present in casting. On the other hand 
with commercial aluminum and dural- 
umin I have never observed less 
absorption of hydrogen even by one day 
heating in a vapor atmosphere (and 
subsequent turning of the sample). 
Sloman’s Table VII?2 also could not 
detect any absorption of hydrogen after 
dipping of the samples in different solu- 
tions. Therefore if this way of gassing a 
sample is very common with iron, it is 
far from likely with aluminum. 

The work of Klyachko has not been 
quoted to affirm that in any case alumi- 
num is riddled by channels but only to 
make clear that in some cases, chiefly 
with castings on X ray examination, very 
high hydrogen content is sometimes ob- 
served. This can be explained by absorp- 
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tion of water vapor in microshrinkage 
which of course is not necessarily going 
throughout the metal. 

The dispersion range of the liquid 
solubility data has already been discussed 
elsewhere. Therefore it will be enough to 
recall that the mean solubility datum 
given by Braun is not 0.08, but 0.24 em 
per 100 g at 700°C, 0.08 being only one 
of the figures. Moreover, the dispersion 
range of Réntgen and Braun, Réntgen 
and Moller, Bircumshaw and Winter- 
hagen is rather small. However, it may 
be better to adopt the new values of 
Ransley and Neufeld, which confirm 
those of Baukloh and Oesterlen. If such a 
step is adopted all the data reported in 
this paper are homogeneous to those given 
in Ref. 24 and can be compared to them. 

The difficulties due to nucleation have 
already been discussed in the reply to 
Messrs. Ransley and Mountford and 
therefore will not be repeated. 

I should like to point out that I agree 
completely with the opinion of Mr. 
Eborall on the respective use of an ac- 
curate hot extraction apparatus and a 
bubble pressure apparatus. The new hot 
extraction apparatus giving absolute data 
would be used to provide calibration 
curves and check the results of a bubble 
pressure apparatus. But while the former 
can be used only ina few specialized 
laboratories, the latter can be employed 
not only in any laboratory, but also on 
any pouring platform. 

‘At the time the experiments were be- 
gun, this distinction could not be made 
since the old hot extraction apparatus 
had an insufficient accuracy. 


Reply_to M. Bever: 


J think that the internal pressure of all 
gases except hydrogen is very small in an 
aluminum bath. The gases according to 
Sieverts’ law can be dissolved only as 
atoms or more likely as protons and the 
stability of oxide and nitride shows that 
all dissolved oxygen and nitrogen are 
practically bound to metal. Only meth- 
ane can also be present in the bubble, but 
its pressure is about 100 times smaller 
than that of hydrogen (Fig 4). On the 
other hand, the dissociation pressure 
of Al,O;, and Al N or the pressure of 
CO due to the reaction of oxide or carbide 
is extremely small and can be neglected. 

The experiments of Sloman as well as 
those of Eborall and Ransley confirmed 
this point: “Hydrogen in fact, appears to 
be the only gaseous element which is 
appreciably soluble in the metal in the 
temperature range normally considered.”’ 

It is quite certain that surface tension 
inhibits the formation of the bubbles, and 
I have admitted that the size range of the 
artificial nuclei was wide open and there- 
fore that the effect of surface tension 
could be reflected in the dispersion of the 
determinations. However, as has been 
very clearly pointed out by Mr. Bever, 
the effect of surface tension on the scatter 
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FIG 15—Aspect of surface of an as-cast duralumin sample after heating at 560°C for 4 days. 


(Machined down to 3 mm thickness.) 


FIG 16—Formation of pores in cast duralumin after heating at 560°C for 4 days. 


(Machined down to 3 mm thickness.) 
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FIG 17—Relationship between the. incipient melting 
temperature of an aluminum alloy and the maximum amount 
of dissolved hydrogen permissible for welding. 
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of the results remains small if all artificial 
nuclei have approximately the same size. 
Observations of oxides removed from an 
aluminum bath show that their surfaces 
present cavities which are not wet by 
the metal and which have a quite differ- 
ent size. However, a direct proof of the 
hypothesis which is the basis of Eq 3 
can be made only through comparison of 
the results obtained by accurate hot 
extraction analysis and bubble pressure 
determination. 

On the other hand I do not think that 
the. experiments of Brower and Larsen 
can be opposed to the basic hypothesis as 
the experiments of Kérber and Oelsen® 
show. According to these authors no for- 
mation of CO occurs when steel is melted 
under a silicate slag because the metal is 
enveloped in a hull of glassy silicate 
presenting no cavity acting as nuclei, 
while the boil starts as soon as the steel 
bath comes in contact with the crucible 
wall. An aluminum bath contains solid 
impurities presenting cavities and not 
glassy ones, therefore if the surface 
tension inhibits the formation of bubble, 
this inhibition remains small. 

In fact, according to Ransley and 
Neufeld’s determinations, the hydrogen 
content of an aluminum casting just free 
of pores varies between 0.12 and 0.18 
cm’ per 100 g¢ (Fig 9 of their paper), 
while the determinations of this paper 
(Table 4) expressed in Ransley’s scale 
give 0.15—0.20 cm? per 100 g. This agree- 
ment seems to offer proof that the hy- 
pothesis, which is the basis of Eq 3 can 
be accepted in first approximation, pro- 
vided of course that the liquid solubility 


given in Ref. 24 is the correct one. 

No calculation of the speed of hydrogen 
diffusion into the bubble has been carried 
out, but the speed of pumping being 
rather low the equilibrium in the bubble 
size does exist at any moment. 

The very low diffusion speed of hydro- 
gen through an oxide film has been clearly 
shown by Ransley and Neufeld. Fig 3 of 
their paper confirms the old hypothesis 
that the gassing and degassing rate of an 
aluminum bath is controlled by a surface 
phenomenon. 


Reply to F. N. Rhines: 


Mr. Rhines rightfully points out the 
importance of the adsorbed film on the 
result of a gas analysis, but I think that 
it would be very difficult to establish 
whether ‘“‘surface hydrogen is coming 
from adsorbed hydrogen or from ad- 
sorbed ‘‘water vapor.’ On the other 
hand Schmid and von Schweintz as well 
as Chandron and Moreau have made an 
extensive study of the effect due to the 
volume 
surface 
shown in the paper, the sample must be 
turned out and as soon as the ratio 


ratio of the sample. As has been 


volume 


is lower than a certain value a 
surface 


correction factor has to be introduced. 


Reply to E. A. Gulbransen: 


Mr. Gulbransen points out that cer- 
tain reactions can be the source of gases 
in hydrogen. In fact, as I have already 
explained in the reply to Mr. Bever, 
hydrogen is the only dissolved gas able 


to give bubble. On the other hand, the 
reaction of the water vapor of the atmos- 
phere with the metal can occur only 
through the alumina film which, already 
impervious to hydrogen, shall be still 
more impervious to the diffusion of any 
big molecule. 
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Plastic Deformation Waves in Aluminum 


DISCUSSION 


(R. S. Busk presiding) 


EF. OROWAN*—I observed the phe- 
nomenon of jerky yielding many years 
ago with zinc and cadmium single crys- 
tals. A significant point was that the 
jerks occurred not only when the stress 
was raised but also (sometimes, after a 
pause of many minutes during which no 
trace of creep was observable) at constant 
stress. The phenomenon may be closely 
linked with the inertia of the testing 
machine and of the specimen, although 


* Cavendish Laboratory, Cambridge, England. 
25 KE. Orowan: Zisch. f. Phys. (1934) 89, 634, 
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the inertia alone cannot account for it. 
If, during the test, the resistance of the 
material to plastic deformation suddenly 
diminishes while the applied force re- 
mains constant, a sudden deformation 
follows until the yield stress has risen, by 
strain hardening, to the level of the 
applied stress (= the value of the previ- 
ous “‘upper yield point.’’). When this is 
reached, the rate of deformation has 
attained a maximum value because, up 
to this moment, the applied force was 
higher than the plastic resistance of the 
specimen, and the difference was used for 
accelerating the moving parts of machine 
and specimen. The kinetic energy ac- 
cumulated is now transformed into 


plastic work by further deformation; that 
is, the deformation overshoots the point 
at which the plastic resistance equals the 
applied static force. When the kinetic 
energy has been used up, therefore, we 
are left with a specimen the yield stress 
of which is higher than the applied stress, 
and no further deformation can occur 
(apart from a little creep) until either 
the applied stress has been raised to the 
new yield stress level, or the yield stress 
has fallen by thermal recovery to the 
level of the applied stress. While this 
occurs, a new upper yield point can de- 
velop, for example, by precipitation.2° 


2° A. H. Cottrell d D. F. Gi rd 
(1948) 163, agen 2nd D. F. Gibbons: Nature 
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There is no intrinsic contradiction in the 
assumption that thermal softening (by 
the removal of internal stresses) and pre- 
cipitation hardening can occur simul- 
taneously. The hardening effect of 
precipitations may be overcome by a 
small deformation which tears away the 
encircling dislocations from the precipi- 
tates,?’ and then the softness of the mate- 
rial, acquired by thermal recovery, may 
reveal itself. In this way, the inertia of 
the testing machine and of the specimen 
may contribute essentially to the develop- 
ment of upper yield points during the 
test, not only to the size of the jerk 
when an upper yield point is overcome. 
Jerky extension need not be con- 
nected with the propagation of a plastic 
wave along the specimen. I investigated 
this question in 1940 for Cd crystals; the 
work was interrupted by the war and has 
not been published. I stuck nearly close- 
packed rows of minute shiny spheres of 
pure tin (about 4/0909 in. diam each) to 
single crystal wires parallel to the wire 
axis; the spheres were produced by 
dropping filings of tin into a bath of 
molten stearine, the top part of which 
was above, and the bottom part below, 
the melting point of tin. The single 
crystal with the row of tin beads was 
illuminated with a distant pointolite 
lamp, and photographed, at about X 20 
to 50, with a rotating drum camera; the 
reflections from the beads traced ex- 
tremely sharp lines on the recording 
paper, and the record showed directly 
which parts of the specimen had under- 
gone plastic deformation: every pair of 
beads acted as an extensometer over a 
gauge length of a few thousandths of an 
inch. The records showed that the ex- 
tension jerks were localized in a very 
short part of the specimen where, as a 
rule, many consecutive jerks occurred. 
The presence of an upper yield point, 
if this is not re-formed during the experi- 
ment, need not cause any further jerki- 
ness of the deformation. We are carrying 


27. Orowan: Discussion at Symposium on 
Internal Stresses. London 1947 (Inst. of Met. 
Monogr. Series No. 5, p. 451). 


out experiments on the propagation of 
Liiders bands in mild steel wires in the 
Cavendish Laboratory (with Mr. W. 
Sylwestrowicz); in these experiments, 
only one Liiders band arises (usually in 
one of the grips, unless the ends of the 
wire are provided with electrodeposited 
heads), and this spreads over the wire in 
a perfectly continuous way, as slowly as 
is required, under a practically constant 
load. An essential condition of this, of 
course, is that the testing machine and 
the dynamometer must be very rigid. 


EK. H. DIX*—We think there is a 
rather clear-cut correlation between the 
irregular yield point elongation and the 
tendency to form Liiders lines. In the 
case of aluminum alloys containing 
several per cent magnesium, we get quite 
jagged yield point elongations and also 
the formation of strain lines in certain 
articles in which the metal is stretched in 
some locations during forming. In the 
case of annealed material, a small amount 
of cold work by rolling, or even by run- 
ning the sheet through a series of offset 
rolls, that is, a roller leveler, the tendency. 
to form Liiders lines is reduced. 

Another observation is in connection 
with the duralumin-type alloys. Imme- 
diately after quenching, while they are 
in the rather unstable condition, there is 
a marked tendency for the Liiders lines to 
form, and if you watch a specimen being 
tested in tension you see the lines running 
up and down the gauge length of the 
specimen. It is a very’ interesting phe- 
nomenon to watch. After a few hours of 
aging that tendency disappears, and 
certainly after a day of aging the Liiders 
lines are not seen, and the yield point 
portion of the curve is smooth and not 
jagged. 


R. S. BUSK{—It seems to me that 
one of the important points in this paper 
is that the phenomenon of yielding and 
the increase in stress necessary for subse- 
quent yielding are so uniform. Any ex- 
planation must take into account the fact 


* Aluminum Co. of America. ; 
+ Dow Chemical Co., Midland, Mich. 


that the steps increase in a linear fashion. 
I wonder if simply tensile machine 
inertia forces would result in such a uni- 
form step pattern. 


A. W. McREYNOLDS (author’s re- 
ply)—As Dr. Orowan points out, there is 
considerable diversity in the manner in 
which irregularities in the stress-strain 
curve occur in different materials, as 
illustrated by his interesting observa- 
tions on cadmium, zinc, and mild steel. 
It seems nevertheless profitable to view 
the spread of deformation through the 
metal as propagation of a plastic wave, 
even though the wave extends only 
through a limited region, as in Orowan’s 
observations on cadmium and _ the 
author’s observations on aluminum- 
copper, or spreads very slowly, as in 
mild steel. Whatever the mechanisms of 
thermal softening, precipitation harden- 
ing, and others, involved it seems clear 
from the continuous spreading of defor- 
mation that plastic yielding of the hard- 
ened lattice doves not occur uniformly 
over an extended region but is initiated 
in the small region of inhomogeneous 
stress at the boundary between deformed 
and undeformed material. Thus a com- 
plete explanation of the phenomenon 
must take account of stress concentra- 
tions ahead of the plastic wave in addi- 
tion to such overall properties of the 
material as yield stress. 

As both Mr. Busk and Dr. Orowan 
commented, inertial effects in the tensile 
machine and even in the specimen itself 
may strongly influence the discontinuous 
yielding phenomena. It seems likely that 
most of the results to be found in the 
literature are complicated by this factor. 
The soft tensile machine used in the 
present experiments was _ specifically 
designed, however, such that inertial ef- 
fects are eliminated insofar as possible 
by applying tension through a coil spring 
to eliminate both mass and variations of 
load on yielding. It is believed that, as a 
result of this and other special precau- 
tions, the instrumental inertia effect had 
no significant effect on the observed ir- 
regularities in plastic yield. 


Homogeneous Yielding of Carburized and 
Nitrided Single Iron Crystals 


By A. N. HOLDEN and J. H. HOLLOMAN 


DISCUSSION 


(R. S. Busk presiding) 
A. He GCOTITRELL* and A. 'T. 


* Dept. of Metallurgy, Birmingham Univ., 
England. ~ 
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CHURCHMAN*—We have been mak- 
ing some experiments recently very 
similar to. those reported by Messrs. 
Holden and Holloman. Wires of Armco 
iron, 0.077 in. diam. were decarburized in 
wet hydrogen until the yield point was 


removed; they were then extended 344 
pet and annealed at 880°C for 120 hr in 
dry hydrogen. This process produced 
large crystals which extended through 
the cross-section and were about 34 in. in 
length. Since the length of each crystal 
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was thus about ten times its diameter, 
wires prepared in this way behaved as 
single crystals in tensile tests and no at- 
tempt was made to grow longer crystals. 
The wires were carburized by heating at 
720°C for 1 hr in propane and then an- 
nealed at 680°C for 65 hr in argon. This 
treatment was sufficient to cause the re- 
turn of a sharp yield point in polycrys- 
talline specimens. 

Before testing the crystals preliminary 
experiments were made to develop a 
method of mounting them in the testing 
machine; the criterion taken for a satis- 
factory technique was that it should 
permit the observation of a very sharp 
yield point, considerably higher than the 
lower yield point, on a carburized poly- 
crystalline test-piece of the same form as 
the single crystal specimens. Eventually 
a procedure was adopted which used a 
5 in. wire, the ends of which were tinned 
for a distance of 2 in., as a test piece. 
Each end was inserted to a depth of 114 
in., and soldered, in an axial hole in a 
34 in. diam steel rod, 3 in. in length, the 
other end of which was attached to a 
shackle of the testing machine by a 5 in. 
piece of fine, flexible steel cable. A 
standard lever machine was used and the 
extension was measured by a screw at- 
tached to its cross-head, no extensometer 
or other attachment being mounted on 
the specimen. With this arrangement 
very sharp upper yield points at stresses 
of about 30,000 psi could be obtained 
consistently on polycrystalline specimens, 
the corresponding lower yield points 
occurring at about 25,000 psi. 

Several single crystal specimens were 
tested by this method and Fig 15 shows 
typical results obtained. No yield point 
was observed on hydrogen treated speci- 
mens and extensive plastic flow began at 
a stress of about 4500 psi, in agreement 
with Holden and Holloman’s results; 
furthermore, no yield point was devel- 
oped by unloading overstrained speci- 
mens and aging them at 100°C for a few 
hours (curves 3, 5 and 7). 

The carburized crystals, on the other 
hand, showed yield points. Fig 1 shows 
an example of this, together with the 
effect of overstrain in removing the yield 
point (curves 2, 4, 6, 8 and 10 were taken 
immediately after unloading) and the 
return of the yield point at a higher stress 
level on strain aging (curves 3, 5, 7 and 9 
were taken after aging the unloaded 
specimen at 100°C for a few hours). The 
lower yield point is first observed at a 
stress of about 7500 psi, but a clearly 
marked upper yield point does not ap- 
pear until the yield point has been raised, 
by strain aging, to about 15,000 psi. 

While these experiments have shown 
the existence of inhomogeneous: yielding 
in carburized iron crystals, they raise 
several questions, quite apart from the 
fact that they give a different result from 
that of Holden and Holloman’s experi- 
ments. For example, why is the, yield 
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point so small at first, compared with 
that of a polycrystalline specimen, and 
why does the upper yield point only 
appear after strain aging? To help answer 
these questions, we are at present 
examining the effects on the yield point 
of such factors as, for example, the depth 
of penetration of the carburized region 
or the condition of the surface of the 
specimen. 


L. D. JAFFE*—It is very gratifying to 
be able to deduce from these new experi- 
ments that the old idea that the yield 
point in steels is associated with the 
grain boundaries, is apparently correct. 
It is not so gratifying, however, if we try 
to draw some general conclusions about 
the nature of the yield point phe- 
nomenon, when we remember that in 
brasses the yield point does appear in 
single crystals, and perhaps more so in 
single crystals than in polycrystalline 
material. That is unfortunate, because 
we would like to have similar explana- 
tions for similar phenomena. Would Mr. 
Holden give us any ideas he may have as 
to why this difference exists between 
behavior in brass and steel? 


A. N. HOLDEN (authors’ reply)— 
The yield point has been observed of 
course in single crystals of materials 
other than iron. For many years the 
yield point has been known to occur in 
cadmium and zinc crystals. I believe in 
these cases it was observed only as a 
consequence of strain aging. Cottrell and 
Gibbons!! found that nitrogen was a nec- 
essary impurity in the case of cadmium. 

Unfortunately I have no ready ex- 
planation for the phenomenon Mr. Jaffe 
described concerning yield points in brass 
crystals. 


EK. OROWAN{—The authors have per- 
formed an experiment of great im- 
portance to the theory of the yield 
phenomenon in steel. As far as I know, 
Dr. Cottrell and his collaborators in 
Birmingham, England, have been work- 
ing on the same experimental problem for 
the last year or two, and it will be 
interesting to compare their results with 
the present ones. 

With the experiments of Holden and 
Hollomon, the situation in the theory of 
the yield phenomenon has become par- 
ticularly interesting. With steel, the 
phenomenon occurs only in a sufficiently 
fine-grained polycrystalline material; with 
zinc and cadmium, only in single crys- 
tals.!2 It seems fairly clear why it is not 
observed in polycrystalline zinc or cad- 
mium. Having only one set of easy slip 
planes, the grains of these metals cannot 
conform easily with the deformations of 


* Watertown Arsenal Laboratory, Watertown, 
ass. 
j Cavendish Laboratory, Cambridge, England. 
: Natare Oe) bes 488. 
- Orowan: Ztsch. f. Phys. (1934) 89, 634; 
C.L. Smith: Nature (1947) 160, aes. 


the neighboring grains, so that the yield 
stress of the polycrystalline material is 
many times higher than that of a single 
crystal of average orientation. Since the 
upper yield point of Zn or Cd crystals is 
never more than 30 to 50 pct higher than 
the lower yield point, it cannot be ob- 
served in a polycrystalline metal which 
does not yield in any case before the 
average yield stress of the individual 
grains is exceeded by several hundred per 
cent. 

It seems that there are (or, there had 
been before the experiments of the 
authors) three survivors among the 
numerous theories of the yield phe- 
nomenon. The oldest among these is the 
hypothesis that there is a thin film of 
cementite at the grain boundaries which 
breaks when the upper yield point is 
reached (Ludwik, N&dai, and Kuroda). 
Edwards, Phillips and Liu'? abandoned 
this view when they observed that the 
yield phenomenon occurred in several 
nonferrous alloys only after a slight pre- 
liminary straining followed by annealing. 
In place of the cementite boundary layer 
hypothesis, Edwards, Phillips and Liu 
introduced the assumption that the yield 
phenomenon was due to a precipitation 
along the active slip planes. 

In Cottrell’s view,’ invisibly thin films 
of cementite could not account for the 
high values of the upper yield point ob- 
served in steel. He attributes tie yield 
phenomenon to the accumulation of car- 
bon atoms on the tensile side of dislo- 
cations where the atomic lattice is 
expanded; this process would reduce the 
energy of the dislocation, and an addi- 
tional stress would be necessary to tear it 
away from its carbon atoms. If this is the 
cause of the yield phenomenon, single 
crystals ought to show it equally well; in 
fact, for the reason I have mentioned in 
connection with zinc and cadmium, they 
ought to show it rather better than poly- 
crystalline material. 

At first sight, it would seem that there 
is very little difference between the slip 
plane precipitation hypothesis of Ed- 
wards, Phillips and Liu, and the hypothe- 
sis of Cottrell; in reality, the difference is. 
very significant. Of course, the par- 
ticles precipitated in operative — slip 
planes must have been nucleated at dis- 
locations, for the presence of these is the 
only thing that makes an operative slip 
plane differ from plastically undistorted 
parts of the crystal. With this, however, 
the common ground of the two hy- 
potheses ends. Cottrell assumes that a 
perfect crystal would be very hard; only 
the presence of dislocations makes it 
relatively soft, and it must become 
harder if the dislocations are made less 
effective by being clogged with carbon 
atoms. On the other hand, the slip plane 
precipitation hypothesis assumes that the 
“softest” individual slip planes in the 


.C, A. Edwards, D. L. Phillips, and Y. H. 
Liu: Jnl. Iron and Steel Inst. (1934) 147, 145. 


NOVEMBER 1949: 


65 

60 

CARBURISED 
$0 

5 


+60 sol 
RS HYDROGEN 55 
TREATED L6p 

bis 7Or 
Lo 


| 60 


20 g 50b 
1) 213 4] [So] 3} 8 tis 5 
a 
Ih F 
5 ls 4 40 
0 , aeEaenRaEAEEREEauAaeaenemneeeeen ananananeniome SaRannaininaenaeed 
O% 057% OD 15% 2% 25% 300% 05% Oh 15% 
ELONGATION — 3oF 
FIG 15—Load elongation curves showing the yielding 
behavior of carburized and decarburized iron crystals. 20 


material, on which slip starts first, are 
subsequently immobilized by local pre- 
cipitation hardening. The hypothesis of 
the clogged dislocations cannot be applied 
whenever prestraining is necessary for the 
development of the yield point; in an 
annealed material, there should be either 
“no dislocations present, or only a few 
clogged ones, and in either case there 
- should be an upper yield point. On the 
other hand, it is not easy to see how the 
slip plane precipitation hypothesis could 
explain the yield phenomenon in an- 
nealed (unstrained) materials. 

Both the hypothesis of the clogged dis- 
locations and that of slip plane precipi- 
tation might seem to face difficulties in 
explaining the grain size effect. It ap- 
pears, however, that an explanation on 
this basis is not quite out of the question. 
In a polycrystalline metal, the inter- 
ference of the neighboring grains may 
reduce the planes of easy slip to a small 
number which can be immobilized by 
precipitation; in a single crystal there 
may be numerous almost equally favor- 
able slip planes, and even if many of 
these are immobilized, there are still 
many left on which slip may start at a not 
much higher stress. In this way, the slip 
plane precipitation hypothesis might lead 
to a certain grain size effect. This possi- 
bility does not exist for the hypothesis of 
the clogged dislocations; a grain size 
effect could arise here only if the impor- 
tant dislocations are at the grain bound- 

_aries. Since the yield phenomenon in 
steel needs no prestrain to arise, these 
dislocations must be the ones determined 
by the geometry of the lattice misfit 
__ between the neighboring grains, and the 
hypothesis is then reduced to what 
amounts to a re-interpretation of the 
boundary cementite hypothesis. 

The conclusion seems to be that the 
cause of the yield phenomenon in steel is 
probably different from that in zinc, cad- 
mium, or silver. In the latter cases, the 
slip plane precipitation hypothesis is 
very plausible; in the case of steel, the 
effect is probably due mainly to the re- 
sistance of the grain boundaries to slip 
being increased by some precipitation, in 
the manner expressed crudely by the 
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FIG 16—Strain aging of a carburized iron crystal. 


cementite film hypothesis. 


A. N. HOLDEN—I wish to thank Dr. 
Orowan for indicating the importance of 
those experiments to the theory of the 
mechanical behavior of metals. His 
remarks indicate the need for a thorough 
experimental attack on the problem of 
strain aging of single crystals. 


A. N. HOLDEN and J. H. HOLLO- 
MON—The experiments of Cottrell and 
Churchman are very interesting, since 
the explanation of the yield point by 
Cottrell? was somewhat embarrassed by 
the failure of our carburized or nitrided 
crystals to yield discontinuously. The 
unfortunate circumstance of a difference 
in the results of Cottrell and Churchman 
and the authors now exists. Further- 
more, in an as yet unpublished paper, * 
Schwartzbart and Low have observed a 
horizontal portion of about 0.2 pct in 
extent in the stress-strain curve of single 
crystals of iron upon initial yielding. 

This discrepancy might be explained in 
several ways: 

1. An unlikely source of the discrep- 
ancy is the aluminum content of our 
crystals (an element absent or low in 
Armco iron). Aluminum might be ex- 
pected to affect the results of nitriding, 
but should have no effect upon the car- 
burized specimens. Still another mate- 
rial, a silicon-killed steel, was used in 
making the crystals tested by Schwartz- 
bart and Low. 

2. Perhaps the fine wires employed by 
Cottrell and Churchman were strained 
before testing (deformation of the wires 
would be difficult to prevent in handling), 
and even the initial yielding of their 
crystals arose from strain-aging. 

3. The difference in the heat treat- 


* Unpublished at the time of AIME San 
Francisco Meeting, Feb. 1949. 


ments accorded the crystals in the several 
experiments might lead to the different 
results. It is quite possible that the rate 
of cooling from the homogenizing tem- 
perature could affect the results. For 
instance, rapid cooling-might introduce 
quenching strains allowing the crystal 
to strain-age prior to testing. 

4. It is also a possibility that the 
authors (Holden and Hollomon) did not 
align their crystals as accurately as 
necessary for specimens of the shape used 
in the experiments. Alignment of these 
specimens is a serious and difficult prob- 
lem, particularly if the initial yield point 
elongation is very small. It must be 
admitted, however, that with a yield 
point elongation of 0.2 pct such as 
Cottrell and Churchman observe, the 
misalignment would have to cause dif- 
ferences of this amount in strain on the 
two sides of a crystal to obscure the effect. 
The authors feel that they achieved 
sufficient alignment to reveal a 0.2 pct 
yield point elongation, but they are con- 
tinuing to direct their efforts toward the 
development of better means of axial 
loading. 


5. No doubt Cottrell and Churchman 
have considered the consequences of car- 
burizing so close to the critical tempera- 
ture. After 1 hr at 720°C in a propane 
atmosphere their crystals would un- 
doubtedly be saturated with carbon. 
During this treatment any accidental 
temperature fluctuation to approximately 
725°C would result in the formation of 
polycrystals. 


Cottrell and Churchman have shown 
that carburized iron crystals will un- 
doubtedly strain-age. This information 
will be a valuable aid in understanding 
the yield point phenomenon. 

Since this paper was written, many 
experiments have been conducted by the 
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authors on the strain-aging of iron crys- 
tals made of carburized aluminum- 
killed steel. It is of interest to compare the 
results of one such experiment with those 


of Cottrell and Churchman. Fig 16 shows 
the yielding of a carburized crystal. 
Initially there was no sign of a yield 
point or discontinuity. After straining 


0.18 pct, unloading, aging 15 hr at room 
temperature, and re-straining, a definite 
upper yield point was observed, together 
with some 0.1 pct yield point elongation. 


Temper Brittleness of Plain Carbon Steels 


DISCUSSION 


(R. E. Leiter presiding) 


M. G. CORSON*—The low tempera- 
ture brittleness of carbon steels rapidly 
progresses with the increase in the carbon 
content. The presence of nickel greatly 
counteracts that brittleness. For this 
reason a comparison of a high nickel, 
low chromium steel of 0.39 pct carbon 
content to a carbon steel of 0.47 pct C is 
not warranted. 

Having committed this error the au- 
thors ought to present at least a table of 
characteristics in the static test to show 
that the two steels were essentially 
identical. 

Rockwell C values of 18-19 are rather 
meaningless. Brinell or Rockwell B 
figures should have been given. 

The authors succeeded only in proving 
that a 0.47 pct C steel of unknown 
characteristics tempered at 675°C for a 
very short period after being water- 
quenched (this introduces irreparable 
amounts of brittleness anyway) was 
sharply brittle at about —60°C; while an 
alloy steel containing less carbon and 
quite a lot of nickel was nof so sharply 
brittle in the same range. 

It might have been much more to the 
point if the authors had examined the 
relative brittleness of steels of the same 
carbon content, one without and another 
with a substantial amount of chromium, 
but just the needed amount of Mn (0.8 
pct is much too much for a plain carbon 
steel). Then both steels should be oil 
quenched and tempered at a moderate 
temperature (about 400°C) followed 
by testing at room temperature, because 
it is fundamentally the brittleness of 
troostitic steels under normal conditions 
that causes misgivings. 

Furthermore: Half size impact test- 
bars should be used only in such cases 
where the finished piece is very small in 
its cross-dimensions. It is almost a 
foregone conclusion that full-size test 
bars would have shown a rather dilferent 
behavior. 


* New York City. 
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By L. D. JAFFE and D. C. BUFFUM 


L. D. JAFFE and D. C. BUFFUM 
(authors’ reply)—It is always interesting 
to get a discussion from Mr. Corson. We 
will cover a few of the points he has 
raised. We were not aware that the 
presence of nickel. counteracts temper 
brittleness in any sense. It has always 
been felt that there are considerable data 
indicating that nickel increases temper 
brittleness. With respect to manganese, 
the manganese contents were the same in 
the two steels, and they were within the 
specified limits for those particular S.A.E. 
steels. 

Mr. Corson would like us to have used 
troostitic steels and test at room tempera- 
ture. We explained in the paper why 
martensitic steels were desirable and why 
it is necessary to test over a range of 
temperatures. We also explained that 
half-size test bars had to be used in order 
to get martensite. A comparison was 
made of the behavior of those small size 
bars with that of full-sized bars, and the 
results are about to be published.™ 


J. K. Y. HUM*—We can substantiate 
the results Mr. Jaffe has given on using 
half-size sharp bars, except our steel 
was an SAE 1055 steel. We achieved 
comparable results with his with 1040, 
however there is a little question about 
this reduced toughness of plain carbon 
steels. At U. C. we investigated temper 
brittleness by the effect of alloy elements 
on high purity steels. We found that 
with plain carbon steels of high purity 
(without all the usual impurities that 
occur in the plain carbon steels), we got 
a decidedly greater toughness than nor- 
mally occurs with commercial plain 
carbon steels. Regarding the effect of 
alloying elements changing the transition 
temperature, this is quite true with one 
exception, which is manganese. We found 
small amounts have a tendency to. shift 
to a higher shifting temperature. There 
might be a qualifying statement to the 
alloying element in regard to manganese. 


1D. C. Buffum: Investigation of Square Sub- 


sized Charpy Specimens. Accepted for publica- 
tion, A.S.T.M. Bulletin. 2 
* Univ. of California, Berkeley, Calif. 


That has a tendency to put a question 
mark on what happens to the embrittled 
curve. 

In regard to other elements, we have 
done a reasonable amount of work with 
carbon chrome steels. We found that 
there is a certain amount of chrome 
necessary before the steel shows temper 
brittleness. Normally with steels up to 
and including 3 pct chrome temper 
brittleness is not evident. With over 
3 pct it becomes quite temper brittle. 


L. D. JAFFE and D. C. BUFFUM— 
We interpreted Mr. Hum’s last remark to 
mean that in the lower chromium steels 
with no other alloys present there was no 
appreciable difference in transition tem- 
perature between the specimens slow 
cooled and those quenched from the 
draw. This, of course, may not necessarily 
prove that the steels are not susceptible 
to temper brittleness. They may have 
been embrittled in both conditions. 


J. K. Y. HUM—tThat was a full-sized 
bar. It was not until we changed over to 


the half-size that we discovered the em- 


brittlement you observed. 


E. OROWAN*—In the Cavendish 
Laboratory, Dr. J. Nutting has studied 
temper brittleness by making aluminum 
pressings from the surfaces of fracture 
and examining the aluminum oxide film 
replicas obtained from these by the elec- 
tron microscope. In all cases of true 
temper brittleness, the fracture was sub- 
stantially intergranular, while the ordi- 
nary “‘notch-brittle’’ fracture of steel is 
substantially intracrystalline (cleavage 
fracture). If Dr. Nutting’s results can be 
generalized, temper-brittleness is due to 
a lowering of intergranular cohesion, 
probably by some precipitation. A poly- 
crystalline metal has, in principle, two 
brittle strengths: one for intergranular, 
and another for intracrystalline fracture. 
Typical temper brittleness appears when 
the intergranular strength drops below 
the intracrystalline one. A certain treat- 
ment of the material may produce brittle 
fracture by reducing either the inter- 


* Cavendish Laboratory, Cambridge, England. 
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granular strength, or the cleavage 
strength of the grains. Only in the first 
case are we entitled to speak of temper 
brittleness in the usual sense of the word. 
1 should like to ask Mr. Jaffe, therefore, 
whether he and Mr. Buffum have 
studied the nature of the fractures 
microscopically or electron-microscopi- 
cally in order to recognize whether 
the fracture was mainly intergranular or 
mainly intracrystalline. 


L. D. JAFFE and D. C. BUFFUM— 
We are most interested to hear of the 
Cambridge electron-microscope results, 
which are in accord with findings of the 
optical-microscope.":!6 Miss M. R. Nor- 
ton at our laboratory has also been using 
the optical microscope in studying the 
path of fracture in temper brittle steels 
broken at temperatures below the transi- 
tion range. She has not observed as clear- 
cut a distinction as Dr. Orowan indicates. 
The embrittled specimens had primarily 
an intergranular fracture but there was a 
considerable percentage of transgranular 
fracture. This was often somewhat rough, 
suggesting that a certain amount of local 
deformation occurred even though the 
fractures appeared brittle macroscopi- 
cally and absorbed little energy. In the 
nonembrittled specimens very little of the 
fracture was along grain boundaries. 
These transcrystalline breaks appeared to 
be partly by cleavage and partly with 
local deformation. 

In response to Dr. Orowan’s last ques- 
tion, preliminary examination of the 
plain carbon steel fractures has been 
made by Miss Norton. The fracture path 
appeared to be predominantly. inter- 
granular on specimens which had been 
embrittled either by slow cooling or iso- 
thermally. Fracture in the unembrittled 
specimen was chiefly transgranular. Ob- 
servations of the nature of the fractures 


145 D, McLean and L. Northcott: Micro-Exami- 
nation and Electrode Potential Measurements 
of Temper Brittle Steels. Jni. Iron and Steel 
Inst. (1948) 158, 169-177. 

16 P, V. Riffin: Unpublished work, Watertown 
Arsenal. 


thus support the hypothesis outlined in 
the paper. 


J. MALTZ*—The two hypotheses de- 
scribed by the authors are not the only 
possibilities. It may simply be that the 
plain carbon steels are inherently less 
tough than alloy steels—that is, have 
higher transition temperatures in the ab- 
sence of any embrittlement reaction. 

This third hypothesis can lead to pre- 
dictions (3) and (4) and reject predictions 
(1) and (2) just as well as the more com- 
plex one advanced by the authors. Nor is 
it unreasonable. Small alloy additions in- 
crease the inherent strength of ferrite, so 
why not the inherent toughness? 

If we compare Hollomon’s data® for a 
plain carbon steel (0.39 pet C, 0.85 pct 
Mn), water quenched, with the data of 
Archer, Briggs, and Loeb!’ for a chro- 
mium-molybdenum steel (0.39 pct C, 0.65 
pet Mn, 0.57 pct Cr, 0.15 pct. Mo) 
sensitized for 10 hr at 1025°F and furnace 
cooled, we find that the carbon steel has 
the higher transformation temperature. 
According to the authors’ hypothesis, 
then, the plain carbon steel has more 
nearly completed the embrittlement 
reaction than has the chromium-molyb- 
denum steel—though the time at reaction 
temperature was smaller by a factor of 
many thousand. It would be surprising if 
so small an alloy addition had so great a 
retarding effect on any reaction. 

The slight differences which the au- 
thors report in an SAE 1045 steel, before 
and after embrittling treatments, may 
be caused by the relatively high man- 
ganese content, 0.81 pct. Previously 
published work!’ indicates that carbon 
steels do not show such differences if the 
manganese content is below 0.60 pct. 


L. D. JAFFE and D. C. BUFFUM—It 
is true that small alloy additions increase 
the strength of ferrite. The reason is well 


. understood: foreign atoms in solid solu- 


* U.S. Naval Gun Factory. 

7 R. S. Archer, J. Z. Briggs, and C. M. Loeb, 
Jr.: Molybdenum. Climax Molybdenum Co., 
1948, p. 5. 


tion within a lattice make slip more 
difficult. There are no theoretical basis 
and no experimental data to support the 
belief that alloys would make ferrite 
tougher. On the contrary, their strength- 
ening effect would itself be expected to 
make the material less tough. 

The data of Hollomon® cited by Mr. 
Maltz refer to a plain carbon steel air- 
cooled from the austenitizing tempera- 
ture, whose microstructure would consist 
of tempered pearlite and primary ferrite. 
The data of Archer, Briggs, and Loeb!” 
concern a fully-hardened alloy steel, 
whose microstructure would consist of 
tempered martensite. It is well known 
that pearlite-ferrite mixtures have much 
higher transition temperatures than 
tempered martensites'® (other things 
being equal), so Mr. Maltz’s comparison 
throws no light upon the temper brittle- 
ness of the steels. It may be noted, 
however, that moderate additions of 
molybdenum do retard one reaction—the 
transformation of austenite to pearlite 
and proeutectoid ferrite—by at least a 
factor of a thousand. 

We agree with Mr. Maltz that the 
slight differences in the SAE 1045 before 
and after embrittling treatments may be 
caused by the relatively high manganese 
contents. 

Before closing we should like to men- 
tion a discussion that was submitted to 
us through private correspondence by the 
late Mr. Ernest Teichert of Pennsylvania 
State College. Mr. Teichert asked about 
the effects of longer embrittlement treat- 
ment. If our theory is correct, he pointed 
out, the carbon steel should show no 
additional embrittlement. As a result of 
this suggestion we have given the plain 
carbon steel a treatment of 500 hr at 
455°C.. The transition temperature was 
the same as for the 50 hr treatment. 


18 J. H. Hollomon, L. D. Jaffe, D. E. McCarthy, 
and M. R. Norton: The Effects of Microstructure 
on the Mechanical Properties of Steel. Trans. 
ASM (1947) 38, 807-847. 

12 J. R. Blanchard, R. M. Parke, and A. J. 
Herzig: The Effect of Molybdenum on the Iso- 
thermal, Subcritical Transformation of Auster ite 
in Low and Medium Carbon Steels. Trans. ASM 
(1941) 29, 317-338. 
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DISCUSSION 


(S. E. Maddigan presiding) 
Ss. E. MADDIGAN*—Dr. 


Orowan 
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Growth in Metals 


By J. E. BURKE 


made the remark that in the field of cold- 
working of metals there was still room for 
a great deal of work, and he estimated it 
would be at least two decades before the 
subject became a finished article. I think 
in the field of recrystallization and grain 
growth, while it may not take two 


decades, there are still a great many 
questions to be answered, and it is ex- 
tremely fortunate that since the war 
there have been several groups in this 
country able to devote attention to a 
continuous study of such fundamental 
problems. The present paper for instance 
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FIG 21—A time lapse micrograph illustrating a small grain in the plane of polish 


absorbing its larger neighbors. 


The boundary migration of the small center grain is in a direction 
opposite that of the center of curvature of the migrating boundary. 


is one of a series devoted to answering 
some of the questions connected with 
grain growth. 


G. W. WENSCH*—It is readily ap- 
parent to those of us interested in the 
coalescence behavior of metals, that this 
paper is an excellent contribution to the 
literature. Furthermore, due to the fine 
control measures used in the experimental 
technique, the previous divergences exist- 
ing between the data of Walker‘ and 
Beck? can be explained. 

In observing many micrographs illus- 
trating grain growth in metals it ap- 
peared that Harker and Parker’s® hy- 
pothesis was correct in that boundary 
migration moved in a direction toward 
the center of curvature of the migrating 
boundary. However in Carpenter and 
Elam’s'@ study on grain growth in 
antimony-tin alloys it was found that the 
migrating boundary can move in a direc- 
tion opposite to that of its center of 
curvature as shown by Fig 21. 

Since the existing theories do not satis- 
factorily explain the anomalous behavior 
cited above, could the author be induced 
to comment on this apparent oddity? 
Can the author now justify the use of 
Eq 3 as a basis for his derivation of Eq 7? 


CAC DUNN? =liwoula like to con- 


* International Nickel Company Graduate 
Fellow, Dept. of Mining and Metallurgical Eng., 
Univ. of Ill. 

+ General Electric Co., Pittsfield, Mass. 

16 H. C. H. Carpenter and C. F. Elam: Crystal 
Growth and Recrystallization in Metals. Jnl. 
Inst. of Metals, (1920) 24, 83. 
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gratulate the author for his beautiful 
piece of work on the source of energy, the 
driving force for grain growth. Regarding 
the source of energy, I might comment on 
the question just raised by Mr. Wensch 
in connection with the work of Carpenter 
and Elam. Their material was in a 
strained state, I believe. The picture is 
entirely different if the metal is strained 
for a boundary may then move away 
from its center of curvature. The process 
may still be of the nature of grain growth. 
Dr. Burke did some work himself showing 
that grain growth can occur in material 
slightly strained, and in cases of that 
type, the strain energy in the crystals 
adds to the driving force. 

The type of grain growth considered 
in the present work was clearly stated in 
the text. Some comments on this subject, 
however, may be worth making. There 
are two types of grain growth. First there 
is normal grain growth, or continuous 
grain growth according to Professor Beck. 
The thickness of the sample is a limiting 
factor with normal grain growth. The 
second type is usually referred to as 
exaggerated grain growth, but Professor 
Beck calls this discontinuous grain 


-growth. As Dr. Burke points out in the 


paper, the effect of sample thickness is 
different for exaggerated grain growth; 
the final grain size is entirely independent 
of the thickness of the material. 

I would like to discuss the picture that 
Dr. Parker presented on the 120° angles 
because it is based implicitly on the 
assumption that the driving force or 
surface tension is a constant and is inde- 
pendent of relative orientation. Surface 


tension, I believe, clearly depends on 
difference in orientation of adjacent 
grains. Data have been obtained showing 
that angles can depart quite far from the 
120° value.!7 Such variations complicate 
the geometrical picture a little, but I 
would agree with the author and Dr. 
Parker that the geometry is a very im- 
portant factor in grain growth processes. 
I would question the 120° angle, however, 
as being particularly important. I think 
the 120° angle may be a sort of average 
value which may be seen more often than 
any other angle, but it is somewhat of a 
coincidence when only 120° angles are 
obtained. 


E. A. GULBRANSEN*—I am con- 
cerned about the interpretation of the 
activation energy in Eq 2 and 8. It would 
be an advantage to relate the energy of 
activation found for the rate of grain 
growth to a diffusion process. If this could 
be done H would have a physical meaning 
and the value could be compared to 
values of H obtained from other experi- 
ments. The value obtained for H, namely, 
60,000 cal per mol appears very large for a 
diffusion mechanism. 


P. A. BECK{—The suggestion that 
the various structural changes occurring 
in cold worked metals upon annealing are 
the result of the surface energy associ- 
ated with the internal surfaces appears 
to have been first clearly formulated by 
G. Tammann in 1912.18 As originally 
proposed, this theory was supposed to 
apply to both processes which usually take 
place under such circumstances, namely 
recrystallization and grain growth. Ben- 
gough and Hudson!® noted as early as 
1910 that recrystallization may lead to 
grain refinement. The subsequent studies 
of Chappell?® on iron and of Mathewson 
and Phillips?! on brass definitely proved 
that in the first stages of recrystallization 
after severe deformation, numerous small 
new grains are formed within each one of 
the deformed original grains. Mathewson 
and Phillips clearly realized that the 
“disintegration” of each deformed grain 
into numerous smaller ones during re- 
crystallization is tantamount to an in- 
crease in the grain boundary surface 
energy, and that this energy increase 
must be supplied by that part of the 


_ Strain energy absorbed by the metal dur- 


ing deformation. A detailed and lucid 
discussion of the energetics of recrystalli- 
zation and of grain growth was given by 
H. Althertum in 1922,?? who carefully 
differentiated between these two proc- 
esses, and correctly identified the driving 
force of grain growth (in contrast to that 


1 C. G. Dunn and F. Lionetti: The Effect of 
Orientation Difference on Grain Boundary 
Energies. Jnl. of Metals, Feb. 1949, 125. Trans. 
AIME (1949) 185. 
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of recrystallization) as the surface energy 
connected with the grain boundaries. His 
views had been accepted by most re- 
search workers for a number of years, 
without much further investigation of 
the details of the grain growth process. 

Tt was Harker and Parker’s accom- 
plishment?? to give a more detailed pic- 
ture of the mechanism of grain growth in 
terms of movements of individual grain 
boundary surfaces and vertices, as de- 
scribed in the present paper by Burke. 
Recently C. S. Smith?” elaborated upon 
Harker and Parker’s proposal and con- 
tributed important refinements to the 
theory. Burke’s experiment with partially 
melted brass may be considered as the 
first direct proof of Harker and Parker’s 
ideas. The old and familiar concept that 
small crystals, surrounded by the mother 
liquor, are unstable in the presence of 
larger crystals of the same species, will 
have to be discarded if the basic features 
of the Harker-Parker theory are correct. 
If both the small and the large crystals 
are idiomorphic, according to this theory 
the atoms at their corresponding crystal 
faces should be in equally stable positions. 
Even though the total surface energy 
would decrease with an increase in the 
crystal size, according to the theory dis- 
cussed no mechanism is available to 
accomplish such a change. The system 
may remain indefinitely in a state which 
is stable with respect to other immediately 
attainable states. Considering the critical 
importance of this experiment, one 
would like to see it repeated and con- 
firmed by experiments involving anneal- 
ing times longer than 6 min., and also 
with materials other than metals. 

In their original paper, Harker and 
Parker made the additional assumption 
that polycrystalline metals, when an- 
nealed, will actually attain a grain 
boundary configuration stable in the 
above sense. From this assumption they 
derived the conclusion that, when a poly- 
crystalline metal is annealed, grain 
growth eventually stops, as the stable 
grain boundary configuration is reached. 
Subsequent experimental work with high 
purity aluminum and with some high 
purity solid solutions? failed to confirm 
the cessation of grain growth in the 
postulated manner. In the present paper 
Burke shows that it is possible to accept 
the Harker-Parker mechanism of grain 
growth without the necessity of also ac- 

“cepting the assumption that a stable 
boundary configuration would be actu- 
ally reached in the course of grain 
growth. As a matter of fact, experiments 
by C. S. Smith with soap foams, as well 
as the above mentioned results with high 
purity aluminum, indicate that the un- 
stable boundary configuration is self- 
perpetuating. The stoppage of grain 
growth postulated by Harker and Parker 
may be considered very unlikely. 

There are, however, other causes which 
may bring grain growth to a halt. The 
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stoppage of grain growth by a dispersed 
second phase was observed long ago; it 
was first clearly described in 1916 by Z. 
Jeffries.2> A great number of investiga- 
tions dealt with the subject later. In 
recent isothermal studies at this Labora- 
tory,”* conditions were investigated under 
which an initial period of grain growth is 
followed by stoppage of grain growth as 
a result of the presence of a dispersed 
second phase in Al-Mn alloys. The stop- 
page of grain growth in commercial brass, 
observed by Walker, was confirmed and 
interpreted” in the light of these results 
as a second-phase effect. Burke’s inter- 
pretation, in the present paper, of the in- 
hibition effect found by Walker is in com- 
plete agreement with the interpretation 
referred to above.?4:25 An increase in the 
number of second phase particles in- 
creases the inhibiting effect which can 
then successfully oppose a higher level of 
“growth force’; consequently, grain 
growth stops at a smaller grain size.24 The 
extreme sensitivity of the rate of growth, 
when the grain size is large, to even the 
smallest amounts of a second phase is 
clearly shown by the inhibition effects 
Burke found in high purity brass. 
Zener’s interpretation as described in 
Burke’s paper, of the inhibition by sec- 
cond phase particles as a surface tension 
effect is a notable contribution to the un- 
derstanding of these phenomena. 

That grain growth will cease, even in 
the absence of a second phase, when the 
grain size becomes commensurate with 
the specimen thickness, was shown for 
high purity aluminum.?? The inhibition 
effect discussed above is, of course, by no 
means in contradiction with this speci- 
men thickness effect. The two effects may 
occur independently in the same material, 
or they may overlap, according to the 
conditions. This is clearly shown by the 
data contained in Burke’s Table 4. Under 
the heading “Equilibrium Grain Size’’* 
the table gives the grain size values ulti- 
mately reached at various temperatures, 
with specimens of commercial brass of 
various thicknesses. If these ultimate 
grain size values are plotted for each 
temperature as a function of the specimen 
thickness (Fig 22), it becomes clear that, 
when the specimen thickness is very 
small, the ultimate grain size follows the 
straight line corresponding to the speci- 
men thickness effect. Thus, in commer- 
cial brass, up to a specimen thickness of 
approximately 0.1 mm, where the grain 
size is limited solely by the specimen 
thickness, at 700 to 850°C the ultimate 
grain size is independent of the annealing 
temperature. On the other hand, at very 
large specimen thicknesses, the ultimate 


*In the physical sciences equilibrium desig- 
nates states to which the system tends to return, 
when disturbed. In the present case the grain 
size will obviously not tend to return to the so- 
called “equilibrium grain size”’ if, by some means, 
a slightly larger grain size was reached. The term 
‘ultimate grain size’’ had been proposed by Dean 
and Hudson,” in 1924; there does not appear to 
be any reason for changing this nomenclature. 


grain size is practically independent of 
the specimen thickness, but it is deter- 
mined instead, by the inhibiting effect of 
the dispersed second phase. Under such 
conditions the ultimate grain size is 
strongly temperature-dependent. The 
data also indicate that between these two 
ranges there is considerable overlapping, 
so that in the intermediate range of 
specimen thicknesses both the specimen 
thickness and the inhibition by a second 
phase have some effect on the ultimate 
grain size. J. Towers Jr. at this laboratory 
observed similar behavior in high purity 
brass, except that for this material the 
thickness range in which the grain size 
is determined solely by the specimen 
thickness, is considerably larger. The 
effect of inhibition on the ultimate grain 
size at 800°C is not felt until a grain size 
of about 0.6 mm is reached. 

The empirical formula Eq 7, proposed 
by Burke, does give a vanishing rate of 
growth when the grain size approaches 
its ultimate value, as is evident from the 
differential form, Eq 6. However, this 
formula suffers from two important dis- 
advantages. First, it does not fit the facts 
and, secondly, it is not consistent within 
itself. As seen in Fig 23, where the dotted 
curves represent values computed from 
Eq 7, at both 700 and 800°C, there are 
rather large deviations between the grain 
sizes experimentally determined by Dr. 
Burke, and the calculated curves. The 
nature of the trouble is clear if one con- 
siders that the logarithmic expression in 
Eq 7 gives a gradual, asymptotic, ap- 
proach to the ultimate grain size, which is 
only reached after an infinite time of 
annealing. The data obtained by Burke 
for 800°C are in accord with similar data 
obtained at this laboratory with Al-Mn 
alloys, in that the ultimate grain size is 
reached after a finite period of annealing. 
During a considerable part of this period 
the grain size increases according to the 
simple power law D = K.t”. After the 
period of initial grain growth, the grain 
size remains constant for long periods of 
further annealing, within the experi- 
mental accuracy of grain size determina- 
tion. There appears to be in most cases 
only a relatively short interval of de- 
creasing slope between the ascending and 
the horizontal straight line portions of 
the logarithmic grain growth lines (Fig 
23). This rather sharp break in the curve, 
which is also shown by Burke’s own 
experimental data in Fig 20, is not repro- 
duced by his formula. The second objec- 
tion to this formula is that it necessarily 
leads to a slope of 0.5 for grain sizes small 
in comparison with the ultimate grain 
size. (In order to make the initial slope 
apparent in the graph, the zero point of 
the time scale must be chosen to corre- 
spond with zero grain size.) As known 
from earlier work with high purity alumi- 
num? and also from the present data on 
high purity brass, a slope of 0.5 is ap- 
proached only with very high purity 
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FIG 22—Ultimate grain size, D, as a function of specimen 
thickness, for 70-30 brass of commercial purity, from data by J. E. 


Burke. 


metals and solid solutions. In the presence 
of even small amounts of impurities form- 
ing a second phase, as in commercial 
brass, the initial slope becomes much 
smaller than 0.5. While the formula does, 
as intended, take into account the stop- 
page of grain growth after prolonged 
annealing periods as a result of a second 
phase, it represents the conditions during 
the period of initial grain growth as if no 
second phase particles were present. It 
is possible to devise empirical formulas, 
like the following one, which give con- 
siderably better approximation to the 
experimentally observed facts than Eq 7. 


log D=niogi—Cim+ kK {9 


where n is the initial slope in accordance 
with the experimental data, parameters 
mand C are determined by the annealing 
time necessary to reach the ultimate 
grain size, and by the value of the ulti- 
mate grain size. The parameter K fixes 
the position of the initial ascending part 
of the grain growth line. This formula has 
the advantage of conforming to the sim- 
ple power law to any extent required by 
the data. It has just the right number of 
parameters necessary to fit the data, and 
it reproduces the stoppage of grain 
growth after a finite time of annealing. 
Furthermore, the agreement is greatly 
improved by accepting the experimental 
fact that the ultimate grain size is tem- 
perature dependent, as discussed above. 
Fig 23 shows that the solid curves, calcu- 
lated from Eq 9, fit Burke’s experimental 
data for high purity brass at 700 and 
800°C, considerably better than the 
formula proposed by him. In discussing 
his Eq 7, Burke introduces Eq 8 for the 
temperature dependence of his parameter 
K. However, he neglects the fact that 
D,; also varies with the temperature. 
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FIG 23—Comparison of grain growth data by J. E. Burke for high 
purity 70-30 brass with curves calculated from Burke’s Eq 7 
(dotted lines), and with curves calculated from Eq 9 (solid lines). 


In earlier publications?®.?7 Burke pro- 
posed the following formula to take into 
account the initial grain size: 


D — D) = K+ 


It has been shown? that this formula does 
not fit the data for either high purity 
aluminum or for brass. It is gratifying to 
note that in his present paper, Dr. Burke 
finally abandoned this formula and that 
he now uses the method proposed earlier 
in the work on aluminum,”? to account 
for variations in the initial grain size. 

It is a remarkable fact, discovered by 
Burke, that the slope of the logarithmic 
grain growth lines for high purity brass 
closely approximates the value of 0.5 
over a rather wide temperature range. 
This value was previously derived2? for 
high purity metals regardless of tempera- 
ture. But in experiments with high 
purity aluminum the slope was found to 
increase with the temperature, and the 
theoretical value of 0.5 was approached 
only by extrapolation to the melting 
point. It was observed, however, that 
with high purity Al-Mg solid solutions 
n approaches the theoretical value of 0.5 
at a lower temperature and then remains 
almost constant near that value.2® The 
temperature range, within which n is 
nearly 0.5 increases with increasing Mg 
content. It may be that Cu-Zn solid solu- 
tions behave similarly. If so, one might 


expect that at relatively low temperatures 
the grain growth line for high purity brass 
containing lower amounts of zinc, such as 
9 or 10 pet, would have a temperature 
dependent slope, lower than 0.5, but that, 
beginning with a certain temperature, the 
slope would approximate 0.5, and become 
independent of temperature. This tem- 
perature would then decrease with in- 
creasing Zn content, until it would fall 
below 500 or 450°C for 70-30 brass. 

Burke gives a heat of activation value 
for grain growth in high purity brass (40 
K cal per g atom), which is considerably 
lower than the value previously found by 
Burke and confirmed at this laboratory 
for commercial brass (60 K cal per g 
atom) in the range between 450 and 
700°C. In the course of work with high 
purity brass done by John Towers, Jr. 
at this laboratory, using laborious and 
very careful grain counting techniques 
and a larger number of specimens, a value 
distinctly higher than that reported by 
Burke, namely 49.8 K cal per g atom, 
was obtained. When Dr. Burke’s data 
were used to calculate a heat of activation 
from the time to reach a grain size of 0.1 
mm, it was found by Mr. Towers that a 
value of approximately 46.5 K cal-per g 
atom fits the data best. This is in better 
agreement with the above value, calcu- 
lated by Towérs from his own data, than 
the 40 K cal per g atom value given by 
Burke. 
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J. E. BURKE (author’s reply)—In 
reply to Mr. Wensch, I believe the appar- 
ent migration of a boundary away from 
its center of curvature can be explained. 
C. 8S. Smith has pointed out that a sur- 
face may be curved about two axes at 
right angles to each other so that the net 
curvature at any point on the surface is 
zero. The surface is thus equivalent to a 
plane and will have no tendency to 
migrate. A plane will intersect such a 
surface in a curved line, however. Thus, 
on a plane polished surface of a metal 
specimen, it would be impossible to 
differentiate between it and a_ truly 
curved boundary which should migrate 
toward its apparent center of curvature, 
or even one which should migrate away 
from its apparent center of curvature. 
Any studies of grain growth on a polished 
surface are open to some doubt, also. A 
grain which intersects a surface has a 
different environment from a grain in the 
body of a specimen. Grain boundaries will 
intersect the surface at 90° at equilibrium, 
and an intersection at an angle of other 
than 90° may lead to grain boundary 
migration to readjust the angle. In reply 
to Mr. Wensch’s second question, the 
quantity D which appears in Eq 3 is the 
same as the quantity D, in Eq 7. 

As Dr. Dunn has beautifully shown at 
this meeting, the surface tension of the 
grain boundaries does depend upon the 
relative orientation of the grains on 
opposite sides of the boundaries, and 
thus only rarely will the equilibrium 
boundary angle be precisely 120°, as 
called for on a simple, isotropic surface 
tension picture. 

I agree with Dr. Gulbransen’s concern 
about the physical significance of the 
activation energies presented in Eq 2 and 
8. The value of 40,000 cal per mol (rather 
than 60,000 cal per mol for commercial 
purity brass) for high purity brass is very 
close to the reported heats of activation 
for diffusion of zinc in brass of that com- 
position. One is thus tempted to suggest 
that grain boundary migration occurs by 
a diffusion mechanism. Against this is the 
uncertainty of the mechanism of grain 
boundary migration, and the fact that a 
change in number of inclusions with 
temperature may influence the tempera- 
ture dependence of growth rate and the 
computed value of H. Later evidence 
which will be published shortly indicates 
that the temperature dependence of the 
rate of grain boundary migration in pure 
copper varies with the crystallographic 
direction of boundary migration. Since 
diffusion in cubic metals is isotropic, this 
indicates that grain boundary migration 
is not identical with bulk diffusion. How- 
ever, in a two component alloy like brass, 
there may well be an adsorbed layer of 
zinc at the grain boundaries, so that this 
must migrate by lattice diffusion when 
the grain boundary migrates by any 
other mechanism. This could well be the 
rate controlling step, and thus one would 
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measure the activation energy for diffu- 
sion of zinc. 

Mr. Beck’s discussion is exhaustive, 
and in the interest of brevity I shall 
answer only those points which are perti- 
nent to this paper and not already dis- 
cussed in the body of the paper. 

As was stated, a number of workers 
have postulated that surface energy is 
the driving force for grain growth, but 
contrary to Mr. Beck’s statement, by no 
means all workers have accepted this 
explanation. In any case, it is preferable 
to use experiment rather than acceptance 
by workers in the field to test the 
validity of an hypothesis. The concept 
that the escaping tendency from a surface 
is a function of the curvature of the sur- 
face is not new. W. Thomson®? showed 
that the vapor pressure of a liquid droplet 
is inversely proportional to its radius of 
curvature, and the formal proof of this 
may be found in most texts on Thermo- 
dynamics.*!_ Vogel and Harker and 
Parker applied this concept qualitatively 
to the migration of grain boundaries, and 
in the present paper it has been applied 
quantitatively. 

It takes energy to create a new surface, 
therefore a small crystal, which has more 
surface per unit volume than a large 
crystal, will have more energy per atom 
than a large one. In solution where there 
is a constant interchange between surface 
atoms of the crystal and saturated solu- 
tion, there will be a tendency for large 
crystals to grow at the expense of small 
ones. For this effect to result in an ap- 
preciable rate of growth, however, the 
small crystals must be very small, much 
smaller than the grain sizes in metals 
where grain growth is experimentally 
observed to occur at measurable rates. 
There is undoubtedly a slight tendency 
for a large grain to grow at the expense of 
a small one in a solid metal, across a 
plane interface, but the effect is so small 
that it is not observable, as evidenced by 
the fact that plane grain boundaries 
between grains of different length along 
a wire do not migrate. The greater sta- 
bility of a plane surface over a curved 
surface is shown by the restoration of a 
fragment of a crystal into an ideomorphic 
crystal when the fragment is immersed in 
a saturated solution. The solubility of the 
curved faces and edges produced by 
fracturing is greater than the solubility 
of the perfect crystal. In polycrystalline 
metals the relatively rapid rate of grain 
boundary migration results from a con- 
vex surface (positive curvature) being in 
contact with a concave surface (negative 
curvature). The difference in escaping 
tendency between these two surfaces is 
much greater than the difference between 
two surfaces having similar curvatures of 
the same sign. As was explained in the 
paper, this accounts for the very low rates 
of grain growth in partially melted 
specimens. Nevertheless, if they were 
heated for very long periods, one would 


expect small amounts of growth of the 
large crystals to occur at the expense of 
small ones. 

Mr. Beck concurs with the statement 
in the paper that it is unlikely that grain 
growth will stop by the grain shapes ful- 
filling the Harker and Parker criterion for 
equilibrium, and quotes evidence from 
his own work that grain growth does not 
stop. One of the objects of this research 
was to reconcile the indication of his 
work that grain growth continues at an 
unabated rate until the grain size ap- 
proximates the size of the specimen, with 
the fact mentioned by Mr. Wensch that 
grain growth frequently stops earlier than 
this. ] am glad Mr. Beck now agrees that 
grain growth does not necessarily con- 
tinue until the grain size approximates 
the size of the piece, and regret that his 
explanation of the phenomenon was not 
available until some time after this paper 
was submitted for publication. It is 
somewhat surprising that. he agrees with 
the Zener formulation of the inhibiting 
effect of second phase particles, since it 
also is based on the assumption that 
grain boundary curvature is necessary 
for grain growth to occur. 

As Mr. Beck mentions, the specimen 
thickness effect is by no means in con- 
tradiction to the inhibiting effect of inclu- 
sions, rather, as is explained in the paper, 
they are different manifestations of the 
importance of grain boundary curvature. 

It is not clear what Mr. Beck intends 
to show by Fig 22. The data on specimen 
thickness were used in the paper to show 
that in very thin specimens the limiting 
grain size was a larger proportion of the 
specimen thickness than in thicker speci- 
mens, because in thin specimens the 
grain size is smaller and thus the growth 
force is greater. The results thus confirm 
the explanation given for the specimen 
thickness effect. 

Mr. Beck objects to Eq 7 and has 
presented an empirical four constant 
equation which fits the experimental 
data better. It is agreed that there are 
numerous mathematical procedures for 
fitting a curve to a set of data, determin- 
ing the equation for the curve, and 
evaluating the constants in the equation. 
The object in presenting Eq 7 was not to 
develop an empirical equation which 
would fit the data obtained, but to test 
the assumptions made as to the mecha- 
nism of grain growth. These assumptions 
were that the rate of growth is propor- 
tional to the effective curvature of the 
boundary, that is the difference between 
the present and the limiting curvature, 
and that the effect of temperature is to 
vary the specific reaction rate constant, K, 
according to the Arrhenius relationship 


K=A-.¢0" 


The equation is semi-empirical, in that 
the constants K and H must be evaluated 
experimentally. The slopes of the curves, 
and the general shape are not controlled 
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by arbitrary constants as in the equation 
proposed by Mr. Beck. When the mecha- 
nism of the process is better understood, 
it should be possible to compute the 
value of H and K, and in principle, even 
D;. For example, factors which will in- 
fluence K are the surface energy of the 
boundary, and a geometric factor relating 
the rate of grain growth to the true rate 
of grain boundary migration. It is also 
obvious that if the temperature de- 
pendence of D; had been taken into ac- 
count a better agreement with the 
observed data would have been obtained. 
This has been stated elsewhere.’? The 
quite good agreement between the curves 
calculated from these assumptions and 
the observed data are taken to indicate, 
as stated in the paper, that these assump- 
tions are essentially correct. 

It should be pointed out that the earlier 
derivation of the slope of 0.5 for the log 
grain size versus log time curves®> was 
based upon the assumption that the rate 
of grain growth is proportional to the 
total amount of grain boundary present. 
The present hypothesis is that the rate 
of growth is proportional to the effective 
curvature of the grain faces. It possesses 
the advantage that the role of inclusions 
and changes in grain size distribution can 
be explained on this basis. Only in the 
absence of inclusions and only when the 
relative grain size distribution remains 
constant does the present assumption 
lead to a slope of 0.5 for the logarithmic 
curves. 

The earlier heat of activation of 
60,000 cal per mol (based on Walker’s 
work, and confirmed by Beck) was 
shown in the present work to be influ- 
enced by solution of impurities as the 
temperature increases. The value of 
40,000 to 43,000 cal per mol observed for 
the high purity brass in the present work 
is at least internally consistent at all 
temperatures. In recomputing a value 
from the present data, Mr. Towers has 
taken as his measure of rate the time 


necessary to reach a grain size of 0.1 mm, 
and presumably measured his own value 
of 49.8 Kk cal per mol in a similar way. 
This method of comparing rates at dif- 
ferent temperatures is less certain than 
the method of superimposing curves, 
since the curves must be extrapolated and 
there is considerable freedom in selecting 
the exact slope to the extrapolated. 
When the curves are superimposed, more 
of the data can be used. 

It is felt that it is meaningless to give 
such activation energies to three signifi- 
cant figures, for several reasons: 

1. The rate of grain growth (rate of 
disappearance of grains) is not the funda- 
mental process for which an activation 
energy should be computed. The funda- 
mental process is the migration of grain 
boundaries, and one must assume that 
the rate of grain boundary migration is 
proportional to the rate at which grains 
disappear. 

2. There may be reasons other than a 
change in the number of activated atoms 
with temperature which cause the rate of 
grain growth to change with temperature. 
An example cited in the present paper is 
a change in the number of inclusions. 
Another. possible one is a change in the 
mechanism of grain boundary migration. 

3. Later work indicates that the activa- 
tion energy for grain growth depends 
upon crystallographic factors, and that it 
may differ for different directions of mi- 
gration of the same grain in a uniform 
matrix. Thus at best an average value 
will be measured in a_ polycrystalline 
material, and it might change with dif- 
ferences in preferred orientation. 
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Preferred Orientation in Rolled and 
Reerystallized Beryllium 


DISCUSSION 


(E. Parker presiding) 


J. T. NORTON*—I think Mrs. 
Smigelskas Fischer has done a splendid 
job in working out the pole figures from 


* Massachusetts Institute of Technology. 
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By A. SMIGELSKAS and C. S. BARRETT 


rather difficult photograms which are 
common to beryllium. Is there not a mis- 
take in Fig 2 in that the pole figures B and 
C have been interchanged? 


A. SMIGELSKAS FISCHER (au- 
thors’ reply)—Yes, there is such an error 
in the labeling of the pole figures of Fig 2. 
The correct plane for Fig 2b and 2c is the 


plane in parenthesis above the figure 
numbers and not that in the figure 
subtitle. 


J.T. NORTON—Also, I would like to 
mention another method of obtaining the 
data for pole figures which would be par- 
ticularly applicable to this problem. It is 
a method which has been published only 
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recently and some of you may not be 
familiar with it. In the use of thin foils, 
such as are involved in this problem, it 
again involves making up a sandwich out 
of several sheets cemented together with 
the rolling direction parallel in all sheets 
and then cutting out small cylindrical 
rods just as Mrs. Fischer did. Several 
rods would be cut out of the specimen 
with their axes making various angles 
with the rolling direction. These rods are 
then put in an X ray spectrometer fitted 
with a Geiger counter tube and the inten- 
sity of reflection from a particular family 
of planes is recorded as the rod slowly 
rotates. For instance, if we were to make 
a basal plane pole figure corresponding to 
Fig 2 of the paper, the cylindrical rod 
with its axis parallel to the rolling direc- 
tion would be mounted in the direct 
beam of the spectrometer with the rod 
axis parallel to the spectrometer axis. 
The Geiger tube would be set at the cor- 
rect angle to receive the basal plane re- 
flection and clamped. The rod is then 
rotated at a constant rate and the output 
of the Geiger tube recorded on the chart. 
The resulting curve represents the in- 
tensity variation and hence the pole 
density variation for a diameter of the 
pole figure perpendicular to the rolling 
direction. Similarly, each of the other 
rods will give information about other 
diameters of the pole figure. Since the 
rods are geometrically identical, no ab- 


sorption correction is necessary and all 
of the curves will be consistent. By draw- 
ing lines at different intensity levels 
above the background and measuring 
the angles at which these lines intersect 
the curves, data are available for drawing 
accurate pole density contours on the 
final pole figure. Usually six rods are 
sufficient to give adequate coverage of 
the pole figure and no part of the figure is 
left out. For a material as transparent as 
beryllium, the rods could be made fairly 
large and since a considerable length of 
the rod can be illuminated, a good 
integration is obtained for fairly coarse 
grained materials. * 


A. SMIGELSKAS FISCHER—Thank 
you very much for describing your 
method. It seems to be more effective 
than the one we have used inasmuch as it 
enables one to obtain quantitatively the 
variation of intensity of scatter about a 
mean which is important in determining 
the exact extent of preferred orientations. 
We were able to estimate this extent only 
by eye. However, this work, which was 
declassified only recently, was completed 
several years ago. At that time, we did 
not have the benefit of your nice tech- 
nique nor a spectrometer with which to 
develop any similar method. 


* J. T. Norton: Jnl. of Appl. Phys. Dec. 1948, 
19, 1176. 


E. PARKER*—Everything sounds. so 
easy the way you described it in the 
figures. I once tried to roll some beryl- 
lium. That was not so easy; in fact we 
found it very difficult. Would you care to 
make some comments about how the 
beryllium was rolled? 


A. SMIGELSKAS FISCHER—I am 
sorry, but that is still classified in- 
formation, 


E. A. GULBRANSEN{—Could you 
use any other radiation instead of 
molybdenum? 


A. SMIGELSKAS FISCHER—We 
could use other radiation but we found 
molybdenum best suited for our purposes. 


E. A. GULBRANSEN—Though with 
a small figure? 


A. SMIGELSKAS FISCHER—Even 
though the figure is small the lines are 
sharp and we are able to differentiate 
between the diffraction rings. While 
using longer wave lengths would spread 
the figure, it would also tend to broaden 
the lines and weaken their intensity if the 
same specimen to film distance and the 
same exposure time were used. Therefore, 
we felt that we would not gain any ad- 
vantage from a larger figure. 


* Univ. of California, Berkeley, Calif. 
D + Westinghouse Electric Co., East Pittsburgh, 
a. 


A Study of Textures and Earing Behavior of 
Cold-rolled (87-89 pet) and Annealed 


DISCUSSION 


(S. E. Maddigan presiding) 


S. E. MADDIGAN*—I think Mr. Yen 
should be complimented on doing a very 
excellent and a very comprehensive piece 
of work. I was particularly pleased to 
- note the use of X rays in a somewhat less 
tedious technique than pole figures. In 
the past I think many workers have been 
diverted away from the use of X rays in 
such investigations because of the large 
amount of work involved in pole figures if 
one is dealing with a great number of 
specimens. The same thing, I think, ap- 
plies to the determination of orientations 
by counting of twins which is also a very 
tedious procedure; as a result several 


* Univ. of British Columbia, Vancouver, B. C. 
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Copper Strips 


By MING-KAO YEN 


papers which have otherwise been of ex- 


cellent quality have ‘depended upon’ 


etching techniques for determination of 
orientation. The present paper indicates 
that the results reported in those previ- 
ous papers were correct, but I think the 
use of etching techniques alone is a rather 
shaky basis for setting up theories in the 
literature. 


W. M. BALDWIN, JR.*—This dis- 
cussion will be a short note of correction 
and apology. In my discussion of Brick, 
Martin and Angier’s paper I incorrectly 
reported the orientation of phosphorus 
deoxidized copper annealed at tempera- 
tures. When I learned that Mr. Yen was 
preparing the present paper I asked that 
he correct this previous error, which he 


* Case Institute of Technology. 


most graciously consented to do. How- 
ever, through my ambiguity the correc- 
tion noted on p. 59 of Mr. Yen’s paper is 
still not the proper one. For this I take 
full responsibility. The orientation which 
I observed in phosphorus deoxidized cop- 
per at high temperatures is the (112) 
[111] which agrees with the pole figure 
given in Fig 8a, on p. 65 of Mr. Yen’s 
paper. Our observations were made on 
the basis of twin counts rather than 
X ray determinations and therefore serve 
as an independent confirmation of Mr. 
Yen’s data. 


M. K. YEN (author’s reply)—The 
author wishes to thank Dr. Maddigan for 
his comments in regard to the application 
of glancing technique to textures. As a 
matter of fact, considerable work has 
been done recently in connection with 
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the study of rolling, wire drawing and 
electrolytic deposition textures for cop- 
per and its alloys by this method or some 
modification of it. It is to be expected 


that this technique may be developed to 
its full practical importance. In the case 
of copper, it was found that the approxi- 
mate position and relative height of ears 


in deep drawn cups, as well as grain size 
and degree of recrystallization, can gen- 
erally be derived from a single X ray 
glancing photogram. 


Pressure Distribution in Compacting 


DISCUSSION 


(L. S. Busch presiding) 


L. S. BUSCH *—A very interesting use 
of a new engineering material, the strain 
gauge, is, I believe, one of the first as 
applied to powder metallurgy. 


J. WULFF{—We have here another 
valuable contribution to the fundamental 
data on powder metallurgy from Profes- 
sor Duwez’s laboratory at California 
Institute of Technology. I am particu- 
larly pleased with the measurements 
which relate to the vertical pressures but 
not with the measurements which relate 
to radial pressures on the die wall. In 
regard to the latter, we gave up similar 
attempts in our own laboratory to 
measure radial pressures by methods 
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Metal Powders 


By POL DUWEZ and LEO ZWELL 


similar to those used by the authors of 
this paper since we believed that their 
very method of measurement would 
introduce appreciable error. For this 
reason, one of my coworkers, Dr. Shank, 
studied the pressure on the die wall by 
using a cylindrical thick-walled die with 
a goodly number of closely spaced strain 
gauges on the outer wall. The strain dis- 
tribution in the die wall was thus ob- 
tained during pressing from both sides. 
This enabled the determination of both 
frictional and radial forces acting on the 
die wall. The distribution of radial forces 
in this work appears to be quite different 
from that obtained by Duwez and Zwell. 


A. J. SHALER*—I am very glad that 
we now have some stress distribution 
data on the bottom~plunger of a cylin- 
drical die during pressing. These data, 
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along with the side-wall pressure data 
which the authors have given, and which 
have also been obtained by the method 
just described complete the elements 
required to solve the entire stress strain 
problem in cylindrical compacts. In 
previous years Kamm, Steinberg and 
Wulff have solved the strain distribution 
problem. I wonder if Professor Duwez 
could be induced some time when he is 
not too busy to put some of his strain 
gauges in the top plunger as well. It- 
would not be necessary, I think, to have 
the top plunger stress distribution in 
order to solve the entire problem, but 
these data would certainly provide a very 
useful check on the result. 


P. DUWEZ (authors’ reply)—I think 
those experiments could be done very 
easily by using a floating die and two 
moving plungers instead of one. 


Lead-grid Study of Metal Powder Compaction 


By R. KAMM, M. A. STEINBERG, and J. WULFF 


DISCUSSION 


(L. S. Busch presiding) 


L.S. BUSCH*—We have had presented 
two methods of measuring these vari- 
ations in powder compacts. 


E. OROWAN{—In connection with 
the rolling mill research work carried out 
at| the Cavendish Laboratory, Cam- 
bridge, with the help of the British Iron 
and Steel Research Association. Dr. E. 
A. W. Hoff, Mr. J. Los, and myself, have 
determined coefficients of friction at ex- 
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treme pressures for a number of liquid 
and solid lubricants, both by direct 
measurement, and by calculation from 
measured values of the roll force. The 
most efficient lubricants at these high 
pressures (for the small amounts of 
sliding that occur in rolling) were cam- 
phor and, in particular, borneol (Borneo- 
camphor). Perhaps such lubricants could 
be used with advantage in the kind of 
work described by Dr. Wulff. 


L. S. BUSCH—I think Dr. Wulff has 
in the past mentioned experiments which 
have been performed in the extrusion and 
rolling of metals and which led to con- 
clusions which can be applied to the 


compacting of metal powder. 


A. SQUIRE*—There have been some 
recent developments in the field of high 
pressure lubricants which indicate that 
boron nitride might be a very desirable 
material to employ as a die lubricant. At 
the present time its cost is prohibitive, 
but as the need arises for the material it 
will undoubtedly come down in price. The 
present price is $200. a pound. 

It is my understanding that one of the 
reasons for vacuum pressing both in 
ceramics and metal powders, is to prevent 
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the formation of what we call pressure 
cracks on ejection. I have been assured 
by people who have done the work them- 
selves in the field that it is possible to 
press powders at considerably higher 
pressures under vacuum than it is in air. 
Apparently the gases trapped during the 
pressing operation add sufficiently to the 
internal stress in the compact so that 
these pressure cracks are formed on 
ejection. In vacuum pressing this can be 
avoided. 


L. S. BUSCH—I feel that Mr. Squire 
has a good point, but I also feel that 
there is another factor as far as pressure 
cracks are concerned and that is simple 
expansion as the piece comes out of the 
dye. 


J. WULFF (author’s reply)—We have 
not tried the borneol (Borneo-camphor) 
suggested by Dr. Orowan. The extremely 
high point pressures met with in pressing 
lead us to believe that it should be 
applicable. 

In answer to Mr. Squire, we have 
found that boron nitride behaves as an 
abrasive and not as a lubricant in powder 
pressing. Its application to the lips of 
crucibles, since it is difficult to wet by 
molten metal, suggested its use. In an 
auxiliary research it was also used as a 
constituent of powder metallurgy bronzes 
which were tested for friction and wear. 


No reduction in friction or wear was 
experienced. Indeed rolling boron-nitride 
torn loose from the compact accelerated 
the wear appreciably. 

In regard to Mr. Squire’s remarks on 
pressing, I must say that entrapped air 
can lead to fracture of the compact as it 
is ejected from the die or later during 
sintering. Our results indicate neverthe- 
less that nothing is gained from a density 
standpoint by vacuum pressing of hard 
powders and little with soft powders that 
cannot be achieved readily by efficient 
lubrication. 

Perhaps Professor Shaler would care to 
comment on Mr. Busch’s remarks. 


A. J. SHALER*—We have found that 
cracking upon ejection of the compact is 
not always due to the lateral elastic ex- 
pansion of the compact as it comes out 
of the die, but must occur as soon as the 
pressure is released. The pattern of 
stresses set up in the compact when the 
load is removed from the die walls is such 
that cracks may form at the center of the 
compact and spread upward laterally 
outwards. The way to avoid cracks of 
this kind would not be to increase or 
decrease the pressure or change the 
lubricant, but simply to build dies of 
greater rigidity so that a lesser residual- 
stress pattern is created when the die 
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walls push back on the compact elasti- 
cally after release of the pressure. 


J. CORDIANO*—On the subject of 
pressure cracks in specimens on ejection 
from dies one of the simplest ways of 
preventing such cracks is to maintain a 
partial top pressure on the compact dur- 
ing ejection. One question I wanted to 
ask Dr. Wulff regarding pressing and 
sintering of these copper compacts is 
whether he noted bloating of the sin- 
tered specimens which were pressed at 
60 tsi. Also, was there any difference in 
bloating tendencies when sintering in 
vacuum or hydrogen? 


J. WULFF—The present tests on cop- 
per were sintered in a dilatometer set-up 
which did not permit close observation 
of the compact surface during sintering. 
I have, however, noticed the “bloating” 
mentioned by Mr. Cordiano on copper 
compacts pressed at pressure above 60 
tsi and later sintered in hydrogen. In- 
deed, some of these specimens have even 
exploded in the furnace. Mr. Cordiano’s 
remark that pressure cracks can be 
avoided by maintaining some pressure 
on the compact during ejection is well 
taken. S. K. Wellman has long advocated 
this technique in the pressing of thin 
specimens of large area. 
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_ Properties of Chromium Boride and 
Sintered Chromium Boride 


DISCUSSION 
(E.. Parker presiding) 


J. WULFF*—It seems to me that the 
author could improve the quality of his 
high temperature material by using less 
nickel as a cementing agent in hot press- 
ing. Furthermore, to avoid the presence 
of undiffused nickel which would not be 
oxidation resistant, permit me to suggest 
that he use a nickel-chromium powder 
containing a small percentage of boron. 
This would give him a liquid phase at a 
lower temperature and accelerate both 
sintering and homogenization. The com- 
mercial alloy known as colmonoy contains 
sufficient chromium to be heat. resistant 
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and sufficient boron to be of low melting 
point. Such an alloy may be applicable as 
a cementing agent in increasing the 
quality of Mr. Sindeband’s alloys. 
Finally I believe the author unfair to 
himself in expecting a porous material to 
have properties equivalent to one of 100 
pet density. 


S. J. SINDEBAND—Dr. Wulff’s point 
is well taken. Early in the program we 
realized the fact that we were having 
difficulty with these low-melting alloys, 
and we had hoped, since the colmonoy 
alloys of which you speak are at the 
nickel-rich end of the diagram, that by 
going to the other end of the diagram 
(chromium boride-rich) we would not 
have this difficulty. Thus we tried to 
use very small percentages of binder; but 


for reasons which are not exactly appar- 
ent we found that when we did this it was 
necessary to raise the pressing tempera- 
ture toa point which we were unable to 
attain. For all compositions which we 
tried using nickel, or for that matter any 
nickel iron or cobalt containing material 
as a binder, we found that we would get 
low melting boride phases, which as you 
point out are the commercial “strength” 
of the hard-facing materials. I personally 
believe these owe a great deal of their 
behavior and even hardness to the nickel 
boride which is considerable evidence 
when an alloy of chromium boride is 
made with nickel. Nickel boride itself is 
very hard. We did try pure chromium as 
a binder and found there was considera- 
ble difficulty in handling it, particularly 
since we could not just hot press under 
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the atmosphere conditions obtaining 
there. We found that when we vacuum 
sintered chromium boride, we developed 
extremely brittle materials, and had to 
abandon that. It looked quite fruitful 
at one time. We attempted to make use 
of materials which either did not form 
known borides or which formed refrac- 
tory borides and used those as binders. 
Apparently the chromium boride itself 
enters into entirely too many side reac- 
tions with binders to permit us to make 
use of chromium boride to get the ulti- 
mate result we were seeking in this par- 
ticular field. 

The comparison with vitallium is a 
cruel one, but nevertheless it is one which 
I chose to make simply to indicate the 
goal for which we are aiming. I believe 
that alloys of this variety will be able to 
achieve high temperature strength equi- 
valent with materials such as vitallium 
and better than that. What we need to do 
is to find if we continue with borides, a 
material which does not lose its boron to 
the binder phase but which will enter 
into a cementing action with the cement 
chosen which is similar to that observed 
in the case of carbides. There actual 
re-precipitation occurs and much of their 
strength comes from the matrix and not 
from the binder. 


W. J. KROLL*—It would be of in- 
terest to know how much oxygen the 
powdered chromium boride contained, 
as well as how much oxygen was present 
in the chromium powder used for sinter- 
ing. Wet grinding of such active metals or 
alloys introduces large amounts of oxide 
and the contaminated materials may not 
bind in the sintering operation. 


S. J. SINDEBAND—We spent a good 
deal of time attempting to determine the 
oxygen content of the boride. Unfor- 
tunately the oxygen was largely tied up 
in the form of oxides of the aluminum 
which was used for the reduction of the 
original oxides in thermite reduction, and 
as such we met great difficulty in making 
any determination. It was not too clear 
whether it was all tied up as aluminum 
oxide or as some complex silicates. How- 
ever, the analysis of the powders indicated 
that there was an unaccounted for 
amount, I believe, of about 3 pct. The 
table directly under the X ray patterns 
indicated, for the thermite process, that 
the known elements added up to 97.25. 
How much oxygen was in that residue 
we could not know. As far as the chro- 
mium is concerned, we found standard 
electrolytic chromium unsatisfactory as 
a binder with which to press the powders. 
The procedure that we used was to purify 
this chromium powder by a reduction in 
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extremely dry hydrogen. We found that 
if we got the dew point down to the 
temperature of liquid air we could bright 
anneal the chromium powder and come 
out with a powder considerably more 
ductile. We were then able to press good 
compacts, but still the resulting sintered 
cold pressed products were very brittle. 
The transverse rupture strength was of 
the order of 27,000 to 30,000 psi, or per- 
haps a shade higher. 


MEMBER—I am particularly inter- 
ested in the field of wear resistance, and 1 
wonder whether the author has done any 
work or considered any work in studying 
these chromium boride compacts as wear 
resistant materials. You have shown that 
you had some difficulties in making the 
high temperature resistant material, but 
this might be very good wear resistant 
material. 


S. J. SINDEBAND—We have not 
made any actual wear resistance tests. I 
believe the wear resistance of this mate- 
rial could be assessed on the basis of the 
properties that have been presented. 
Hardness is of major importance. The 
toughness of the material would be 
indicated by its transverse rupture 
strength. I believe that material of this 
composition has been given some use in 
cast form by the Wall-Colmonoy people. 
I would expect that this material as hot 
pressed would be able to do anything 
that that material could do, and perhaps 
do it better by virtue of the finer struc- 
ture which is attained in this material, 
much the same as you would expect to 
get in a comparison between a cast 
carbide versus a cemented carbide. The 
wear resistance, I think, of these mate- 
rials should be good. I think it would 
depend entirely on the actual application. 
If there is any acid corrosion present 
under the circumstances under which you 
want wear resistance, I think this is a 
very good material. We did try it as a 
tool material just briefly, and it cuts well. 
Actually I believe that if you have any- 
thing of 89 or so Rockwell hardness and 
a transverse rupture strength above 
100,000, you can cut and cut well with it. 
That is good enough, I feel sure. 


A. SQUIRE*—I may be mistaken but 
in looking at that micrograph presented 
in the paper it seems to me the particles 
are larger than 3 to 5 microns. The 
micrograph looks similar to those of car- 
bide where the particle size is possibly 
one to two microns. Did that micrograph 
show that much particle size or did the 
grains grow? 


S. J. SINDEBAND—The 3 to 5 mi- 
cron particle size was the starting point. 
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We did observe with this material the 
grain growth was obtained in the hot 
pressing operation. 


R. KIESSLING*—Binary systems, 
composed of a transition element and 
boron have been studied for four years at 
the Institute of Chemistry, University of 
Upsala. The chromium-boron system 
belongs to those which have been investi- 
gated. As the results in some instances are 
different from those published in this 
paper, a short note may be of interest. 
(The results have been received by Acta 
Chemica Scandinavica for publication. ) 

Five intermediary phases have been 
found with relatively small homogeneity 
ranges and boron contents of 33 (6), 40 
(e), 50 (¢), 55 (¢), and 67 (@) at. pct. 
The structure of the 7-phase has been 
mentioned in connection with a report on 
the system zirconium-boron (Acta Chem. 
Scand. (1949) 3, 90). The structure of the 
e-phase is in accordance with the data 
given by Mr. Frueh. The position of the 
boron atoms has been determined using 
Fourier methods. The boron atoms form 
parallel chains through the metal lattice. 
The structure is closely related to the 
structures of the 6-phase in the systems 
molybdenum and tungsten-boron. (Acta 
Chem. Scand. (1947) 1, 893). 

The system behaves in accordance 
with Hagg’s rule for a content of boron 
up to 60 at. pct and is more complicated 
than the systems molybdenum-boron and 
tungsten-boron. The latter two systems 
have the radius ratio closer to the critical 
value. The system zirconium-boron, with 
a radius ratio on the other side of this 
value has only one simple intermediary 
phase. 


S. J. SINDEBAND—I was very inter- 
ested to note that work is continuing 
on a broad scale on the binary systems 
with boron, at the University of Upsala; 
particularly since so much of interest 
emanated from that institution in this 
field in the past. 

I was particularly interested to find 
that Dr. Kiessling had made an extensive 
study of the chromium boron system and 
that his data for the structure of the 
phase around 50 at. pct corresponded 
with the data given in the paper I pre- 
sented, as obtained by Mr. Frueh. In 
none of the X ray investigations made on 
chromium boride did we note lines which 
would correspond with the other border- 
ing phases he has reported. It is quite 
possible that the method by which the 
material is made has something to do 
with this. 

I shall await with interest the publica- 
tion of the complete data regarding these 
phases. 
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Solubility Relationships of the Refractory 


DISCUSSION 


(E. Parker presiding) 

W. J. KROLL*—I think that since 
oxygen and nitrogen have a tremendous 
influence on the mechanical properties of 
these metals, it can be expected that 
tracers might have also considerable in- 
fluence on the mechanical properties of 
these carbides, I wonder also how far 
residual oxygen and nitrogen may inter- 
fere with the determination of your lat- 
tice constants. 


J. T. NORTON (authors’ reply)— 
Thank you, Dr. Kroll, for bringing up 
this question about which we have 
thought a good deal. We have no specific 
analysis for oxygen on these carbides 
chiefly because I do not know how to do 
it. Maybe you have a suggestion. We do 
know however that in comparing careful 
measurements of lattice parameters of 
the carbides which are deficient in car- 
bon, and where the carbon is undoubtedly 
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Monoearbides 


By J. T. NORTON and A. L. MOWRY 


replaced by oxygen or nitrogen or both, 
there is a negligible change in the value of 
the lattice parameter until there is a very 
considerable deficiency in carbon. Ti- 
tanium carbide is the one we have in- 
vestigated most completely, and until 
about a quarter of the possible carbon 
atoms had been removed there was very 
little change in the parameter, but be- 
yond that it drops very rapidly. It is 
believed titanium oxide, TiO and TiC can 
form a continuous series of solids. It has 
been investigated but the lattice param- 
eter curve is not linear, and is almost 
flat at the carbon rich end. Our investi- 
gation is based on the carbides which are 
very nearly saturated with carbon. I am 
inclined to believe that these impurities 
which are undoubtedly present in our 
carbides have very little influence on the 
lattice parameter because both nitrogen 
and oxygen will replace carbon in these 
monocarbides atom for atom. If we had a 
good method for analyzing for oxygen we 
would feel a lot better about results 
of this type. Mr. Redmond of Kene- 


metal Corporation has offered to pro- 
vide us with some carbides made by Mr. 
Mackenna’s process, the so-called Men- 
struum process you mentioned. It would 
be interesting to see if those carbides give 
any different results from the ones which 
we used. 


J. WULFF*—Many of us peruse the 
literature of powder metallurgy and have 
been taught that double carbides of re- 
fractory metals can be made by the 
Menstruum method. Are we to believe 
from the work of the above authors that 
double carbides cannot be made by the 
Menstruum method? 


J. T. NORTON—You put me on the 
spot. Certainly in the binary systems, 
which we have investigated here, there 
is no evidence of the formation of a 
double carbide. These are simple replace- 
ment solid solutions. There is no critical 
composition and there is only one type of 
structure observable over the whole range 
of compositions. 
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The Magnetic Properties of Sintered Iron and 


DISCUSSION 


(A. Squire presiding)} 


S. J. SINDEBAND*—(1) Discussing 
the properties of the powders used, Mr. 
Rostoker mentioned a silicon powder as 
being between 150 and 325 mesh. We 
always had much difficulty in measuring 
particle size of silicon powder by screen 
-analysis, because of its tendency to 
agglomerate. I would be interested in 
the method used to measure these par- 
ticle sizes. 

(2) Mr. Rostoker maintains that the 
measurement of magnetic properties is 
more accurate in determining complete 
homogenization of an alloy, than is the 
X ray diffraction technique. I wonder 
whether this is really true. Even when 
diffusion is complete, magnetic properties 
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Iron Base Alloys 


By W. ROSTOKER 


will change during continuation of the 
heat treatment, due to change in density 
and pore shapes, as has been demon- 
strated by Mr. Rostoker himself. Which 
effect is faster, the diffusion of the alloy 
components or the attainment of final 
density, will, in my opinion, depend very 
much on initial material and sintering 
conditions used. For magnetic applica- 
tions, of course, the magnetic measure- 
ments are most suited for determining the 
point at which equilibrium conditions are 
reached. 

(3) I was glad to see that Mr. Rostoker 
had used sample sizes which are similar 
to those I had used previously, and I 
believe that ring samples of about 2 in. 
od will become more or less standard 
samples for the determination of mag- 
netic properties of powder metallurgy 
products. I should like to ask how the 
density was changed for the samples on 
which the effect of porosity was investi- 


gated, and, further, why the sintering 
temperature used for this series of experi- 
ments was so low. It is somewhat sur- 
prising that a 24-hr treatment at 850°C 
acts so much more to spheroidize the 
pores than a treatment for 1 hr at 
1100°C. But the effect seems to be indis- 
putable. I have made an investigation of 
the influence of sintering temperature for 
longer times on the maximum permea- 
bilities of iron powder compacts which 
was presented at the International Pow- 
der Metallurgy Conference in Graz, in 
1948, and I hope that these results will 
be published here within a short time. 
The results of this investigation are con- 
firmed by Mr. Rostoker’s findings that 
the change of time from 1 to 24 hr 
changes the permeability behavior con- 
siderably in the direction as indicated by 
Polder and Van Santen for spheroidiza- 
tion of pores. I do not quite understand 
Mr. Rostoker’s explanation of the influ- 
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ence of “high” and “low” permeabilities 
on the shape of the curves for induction 
vs. density. Even for the large fields 
(H = 100), the permeability is still in the 
neighborhood of 100, that is, it is equal 
to the largest value Polder and Van 
Santen have used. I believe the fact that 
the permeability is not constant will 
make a refinement of Polder and Van 
Santen’s theory necessary, though the 
general trend for flat and spherical pore 
shapes will probably be maintained. 

(4) The densities obtained for any 
alloy material produced by Mr. Rostoker 
are rather low if compared with his 
excellent values for pure iron. This has 
to be expected, but points in the direction 
mentioned above, that homogenization is 
not necessarily connected with constant 
magnetic properties. An attempt to study 
diffusion in Fe-Si alloys by resistivity 
measurements was recently published 
by F. W. Glaser in the “Powder Metal- 
lurgy Bulletin.”’ We are now studying the 
ferrosilicon materials over the full range 
of alloys, especially as far as resistivities 
and magnetic properties are concerned, 
and hope to publish something about 
these compositions within this year. Mr. 
Rostoker reports about a_ so-called 
anomaly in his Fe-Ni alloys with regard 
to the maximum permeabilities. These 
are inferior to data published in the 
literature, while, for instance, Bioo and 
H, are very close. In my opinion, the 
explanation for this behavior is the 
porosity of the alloys, as they are at the 
best 95 pct dense. Saturation and coercive 
force are much less sensitive to the influ- 
ence of porosity than is maximum 
permeability. This might also give an 
explanation why there was no influence 
of nitrogen noticed in Fe-Co alloys, where 
the maximum density is still lower. The 
investigation by Mr. Rostoker, about the 
differences in properties obtainable by 
sintering in hydrogen or cracked am- 
monia, was especially interesting and 
might explain a number of discrepancies 
so far reported in the literature. 


F. W. GLASER*—With regard to the 
preparation of the Fe-Si compacts, 
though not mentioned, I assume that Mr. 
Rostoker has mixed the Si and Fe pow- 
ders by a tumbling operation. In view 
of the difference in density of these two 
powders, I myself have experienced great 
difficulty in obtaining the desired overall 
Si percentage, as it was theoretically cal- 
culated. Further, [I wonder whether 
chemical analyses were run on the Fe-Si 
compacts reported. The exact overall Si 
content of the range of Si alloys reported 
in Mr. Rostoker’s paper is extremely im- 
portant, since as little as 0.25 pct Si in 
this region has quite an influence on the 
electrical resistivity. I should like to 
know to what extent’ Mr. Rostoker was 
sure that the Si percentages were really of 
the reported compositions. 
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F. N. RHINES*—I would like to say 
a few words in defense of the X ray 
method. I suppose that everyone who has 
thought about the problem of measuring 
homogenization in powdered compacts 
has thought of using the X ray method, 
and each person, in turn, seems to have 
become discouraged with it, but there is a 
basic advantage in its use, and I think 
we should not lose sight of it. Apparently, 
the thing that Mr. Rostoker has done 
has been simply to measure the position 
of maximum intensity in the reflection 
that he chose as his index and to watch 
the progress of that point of maximum 
intensity during heat treatment. It is 
fairly evident, and I think every one who 
has done this work has observed, that 
there is another phenomenon that takes 
place at the same time. The line first 
broadens so that it covers all of the 
parameter values from that of the pure 
solvent to that of the saturated solid solu- 
tion. The broadened line first shows its 
maximum intensity Somewhere near that 
of the pure substance; then, as time goes 
on, the maximum intensity shifts and, 
after the maximum intensity reaches 
somewhere near the point where it will 
stabilize-in parameter value, the breadth 
of the line decreases, that is, the line be- 
comes progressively sharper. 

Now, if we could make good intensity 
measurements across the line we should 
have an index not only of the average 
change in composition of the material 
during homogenization but a detailed 
description of how much of each composi- 
tion is present at any given time during 
the homogenization process. This infor- 
mation would be invaluable in making a 
complete statement of the state of 
homogenization at any period. 

We cannot get that kind of informa- 
tion from any measurement which gives 
us only an over-all average figure, there- 
fore it seems to me that in the long run it 
would be highly desirable to get the 
X ray method under full control and to 
use it for this type of research. 


J. T. NORTONt—I do not believe 
that the X ray experiments described in 
this paper really indicate what the X ray 
method is capable of doing. A change 
in parameter is not a very sensitive 
measure of composition. As I understand 
this problem, it is one of determining 
whether or not a sample is of uniform 
composition; certainly the measurements 
of the line broadening would be much 
more sensitive. This is true provided the 
work on line broadening is carried out 
properly, and it is not an easy thing to do. 
It would require a very careful experi- 
mental technique, the use of truly mono- 
chromatic radiation and a really first-rate 
measurement of the line broadening as 
the homogenization of the compact 
proceeds. I believe a lot more could be 
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done by means of X ray than was done in 
this particular paper. 


W. ROSTOKER (author’s reply)—In 
reply to Mr. Steinitz, the particle size 
distribution of the silicon powder was de- 
termined by the use of a nest of standard 
screens vibrated for 15 min. No ag- 
glomeration difficulties were encountered. 

Of the variables which might, in addi- 
tion to inhomogeneity, affect the change 
of magnetic properties with time, Mr. 
Steinitz mentions density and _ pore 
shapes. Pore shapes at high temperatures 
become spheroidal early in the sintering 
history. The amount of porosity in the 
repressed and unsintered condition is 
4.5 pet and after sintering for 24 hr at 
1400°C is only decreased to 1.9 pet. The 
consolidation is therefore only slight. 
In accordance with the demonstrated 
linear effect of spheroidal porosity on 
permeabilities there should be little ef- 
fect on the homogenization experiments. 

In a similar vein, Mr. Steinitz would 
attribute the low maximum permeabili- 
ties of the heat treated nickel-iron alloys 
to porosity. Again, under the conditions 
of treatment the rings would be expected 
to, and indeed do, exhibit spheroidal 
porosity. The author feels that the ex- 
perimental work presented definitely 
shows such pore shapes to exercise only 
slight influence on permeability at 95 pct 
of full density. It might also be pointed 
out that the maximum permeabilities of 
65 and 78.5 pct nickel-iron alloys in 
the annealed state are quite normal. 
As a conjecture, the cause of this trou- 
ble might rather be in small scale 
inhomogeneity. 

The density variations were effected 
by submitting samples to successively 
higher molding pressures. The very high 
densities required a double pressing op- 
eration with an intermediate short time, 
low temperature anneal. The final sinter- 
ing times and temperatures were chosen 
to give conveniently the range and 
character of porosities. 

Polder and Van Santen quantitatively 
calculated the effect of pore character 
and content on dielectric properties. They 
suggested that the effect on magnetic 
permeabilities at constant field would be 
analogous. There is no reason to expect 
that the analogy should be more than 
qualitative. For that reason, a permea- 
bility of 100 is referred to as “low” 
as compared with values of several 
thousands at low inductions and in ac- 
cordance with usual magnetics parlance. 

Mr. Steinitz implies that the large dif- 
ferences in maximum permeability be- 
tween the sintered iron of full density and 
porous irons are due to differences in 
density. The author would rather at- 
tribute this to the extremely low carbon 
and oxygen contents (see Table 7) and 
the large grain size of the high density 
iron due to the prolonged heat treatment 
in hydrogen at 1420°C. In effect, the two 
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irons are not of comparable purity. The 
true permeabilities of the porous irons 
would best be determined by extrapola- 
tion of the straight lines of Fig 7 to 100 
pct of full density. 

In reply to Mr. Glaser, the appropriate 
amounts of iron and silicon powders were 
weighed out and mixed for each ring 
individually. In this way, the required 
amount of silicon was introduced into 
each ring and it was not thought neces- 
sary to analyze the rings after heat treat- 
ment. There was no apparent segregation 
during the mixing operation or while 
pouring the powder mixture into the 


molding die. The electrical resistivities 
do not appear to vary from other reported 
values by more than about 5 pct. 

The author finds himself in full agree- 
ment with the comments of Professors 
Rhines and Norton concerning the 
proper study of an inhomogeneous state 
by X ray diffraction methods. He also 
feels that the experimental and inter- 
pretive difficulties involved would neces- 
sitate a separate project. Lack of proper 
equipment prevented the X ray studies 
presented here from being more detailed. 
But it should be remembered that this 
portion of the work was intended to 


assist interpretation of the magnetic re- 
sults. The main purpose in presenting 
the X ray data was to show that an 
apparently sharp diffraction pattern 
could be observed long before the struc- 
ture-sensitive magnetic properties reached 
their ultimate values. Undoubtedly, a 
more careful examination of these appar- 
ently sharp lines would have indicated 
small scale inhomogeneity. But the perti- 
nent conclusion to be taken was that 
small scale inhomogeneity affected struc- 
ture-sensitive magnetic properties as se- 
verely as very small carbon and oxygen 
contents (T. D. Yensen, Ref. 5). 


The Densification of Copper Powder Compacts 
in Hydrogen and in Vacuum 


DISCUSSION 


(A. Squire presiding) 


A. J. SHALER*—I should like to con- 
gratulate the authors for having carried 
out-such a precise set of experiments. It 
has been found useful, in sintering ex- 
perimental compacts in vacuo, to make 
certain that the residual gas is not one 
which reacts with the metal. Since traces 
of oxygen can be kept away only with 
great difficulty, the technique is often 
adopted of using a “‘getter’’ of powder in 
the vicinity of the compacts, and, in 
addition, of permitting a small hydrogen 
leak to flow into the vacuum chamber. 
Did the authors use similar devices? 

This paper brings up a question con- 
cerning the definition of the word ‘sinter- 
ing.’ The authors restrict its use to the 
adhesion between particles. Kuczynski, in 
a paper presented at this meeting, applies 
the word to the growth of areas of con- 
tact between particles. I have used it to 
mean both these phenomena and also the 
dimensional changes which continue to 
take place after the first two have run 
their course. May I suggest that we 
should come to an agreement on the use 
of these words? 

Fig 1 and 2 show an interesting feature: 
extrapolation of the curves to zero time 
does not give a densification parameter of 
zero. The higher the temperature, the 
higher is the intercept on that axis. 
These observations agree with the con- 
cept of a practically instantaneous 
densification taking place while the com- 
pact is being brought to heat. Such a 
change may be brought about by plastic 
deformation and primary creep. The 
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stress pattern causing this first rapid 
flow is, to my mind, due to the force of 
attraction between the surfaces of op- 
posite particles in the regions imme- 
diately flanking their common areas of 
contact. The stress is not temperature- 
sensitive, but at room temperature 
plastic deformation only proceeds until 
the metal in the area of contact can sup- 
port it elastically. As the metal is 
heated, the elastic limit falls, and further 
plastic flow occurs. At the higher tem- 
peratures, this is followed by primary 
creep, and finally by the steady-state 
rate-reaction which the authors are seek- 
ing. If they were to recalculate their 
densification-parameter values, using, not 
the initial density of the cold compact, 
but the density after the compacts have 
been brought to temperature, the sys- 
tematic deviations from linearity in Fig 
3 and 4 might be eliminated. Such initial 
densities might be obtained by extra- 
polating the curves of Fig 1 and 2 to zero 
time. 

I am naturally pleased to see that such 
a very well done series of experiments 
leads to a heat of activation (for the 
densification process in hydrogen) that is 
much higher than that for self-diffusion, 
in confirmation of the less elaborate re- 
sults reported by Wulff and myself (Ind. 
and Eng. Chem., (1948) 40, 838). 


J. T. KEMP*—I would like to com- 
ment on Dr. Shaler’s remarks. There are 
apparently different interpretations of 
the word “‘sintering.” It seems to me 
that an accurate definition of our word is 
essential in all metallurgy. May I point 
out, in this connection, that in practical 
metallurgy the word “sintering” has 
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been applied to a bonding process in the 
preparation of ores and flue dust for fur- 
nacing. It would be unfortunate if in the 
area of powdered metallurgy we should 
establish a definition that is essentially 
different in meaning. 


F. N. RHINES*—I think that I can 
answer the question by saying that I see 
no essential difference between the use of 
the term “‘sintering”’ in extractive metal- 
lurgy and in powder metallurgy; physi- 
cally the same things are going on. I 
admit sintering is used for different end 
purposes in the two cases. When we 
resort to the sintering of lead ore mixture 
we are doing so to obtain a chemically 
reactive, loose texture of some rigidity. 
This is only a difference in use. After all, 
in powder metallurgy we sometimes delib- 
erately produce a very porous material 
which has just a little strength, just as 
in the case of sinter cake. 


P. DUWEZ authors’ reply)—We 
agree that it would be helpful to have 
well-established definitions of such terms 
as ‘‘sintering.”” Since the question has 
now been raised, the time might be ap- 
propriate for its consideration by some 
suitable committee of one or more of the 
metallurgical societies. 

In answer to Dr. Shaler’s first question, 
no getter nor hydrogen leak was used in 
our vacuum experiments, except insofar 
as the guard disks (used to reduce friction 
between specimens and trays) may have 
acted as getters. 

Dr. Shaler’s statement that extrapola- 
tion of the curves of Fig 1 and 2 does not 
lead to zero densification at zero time 
apparently overlooks the logarithmic 
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time scale used in those figures. The 
intercepts he mentions are not on the 
line { = O, but on the line tf = 4% hr. The 
densification parameter, as we have de- 
fined it, is necessarily equal to zero at 
t = O, and the curves of Fig 1 and 2 
would indeed intersect at « = O if ex- 
tended far to the left. 

Since the shortest time employed in our 


experiments was }4 hr, we feel that our 
results should not be taken as either 
confirming or denying Dr. Shaler’s con- 
cept of a practically instantaneous 
densification during the heating-up pe- 
riod. If the results of shorter-time 
experiments were such as to confirm this 
hypothesis, it would then be interesting to 
see whether the curves of Fig 3 and 4 are 


more nearly straight lines if the values of 
o are calculated on the basis he suggests. 
His idea that densification is the result of 
several processes which successively pre- 
dominate, is in with the 
opinion we expressed in the paper at the 
conclusion of the section on “Interpreta- 


agreement 


tion of Results.” 


The Surface Tension of Solid Copper 


By H. UDIN, A. J. SHALER and J. WULFF 


DISCUSSION 


(A. Squire presiding) 


G. KUCZYNSKI* and B. H. ALEX- 
ANDER *—This paper represents a most 
noteworthy attempt to evaluate experi- 
mentally the surface tension of a solid 
metal. Because of the great importance 
of such measurements, any proposed 
method should receive the closest scrutiny 
before the results can be considered 
reliable. 

In regard to the experimental method, 
we think that the marking of the gauge 
length by means of tieing knots in the 
wire may be the cause of some of the 
spread in the results. Such a knot may be 
expected to tighten slightly, and thus 
increase the gauge length, when placed 
under stress at high temperature. Al- 
though this effect would be very small, 
amounting at most to only a few times 
the wire diameter. A fairly tight knot in 
a wire will decrease the wire length by 
about ten times the wire diameter, thus 
only a slight tightening of the knot would 
cause considerable spread in the results. 

Upon plotting the stress strain curves 
from the authors’ data, the writers found 
that there was a fairly consistent tend- 
ency towards an S-shaped curve, instead 
of a straight line. Such an effect could 
be caused by the tightening of the knots. 

The writers think, however, that the 
experimental results are fairly reliable, 
but that there may be other methods of 
interpreting them depending upon what 
mechanism is assumed to be responsible 
for the shrinkage of the wires. The 
authors have assumed that the stress due 
to surface tension results in viscous flow. 
It should be made clear that it has never 
been demonstrated that viscous flow 
can occur in metal crystals even at 
very high temperatures. The experiments 
of Chalmers!? on tin, which are so fre- 
quently quoted as giving evidence of vis- 
cous flow at low stresses are by no means 
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satisfactory. In his experiments, Chalmers 
found that only the initial rate of flow 
was approximately proportional to stress. 
He also found that the rate of flow varied 
markedly with time which, in his experi- 
ments, was less than 2 hr. Inasmuch as 
there is no proof of viscous flow in metals, 
and the authors have brought forth no 
conclusive evidence on this point, it may 
be worth while to investigate other possi- 
ble mechanisms of material transport 
which would account for the shrinkage of 
the wires. The writers wish to point out 
that in these experiments the shrinkage 
of the wires can be adequately explained, 
according to a self diffusion mechanism. 
Thus, if we assume a _ concentration 
gradient for self diffusion which is a func- 
tion of the radius of curvature of the 
wires, and assume that diffusion will 
occur so that the total surface area is 
decreased, we find the following expres- 
sion for the self diffusion coefficient: 


—kroiT 


a yt 


Ine [19] 
where k = Boltzmann constant 
= initial radius of the wire 
absolute temperature 
= surface energy 
= interatomic spacing 
= time 

e = strain at zero applied stress 
Eq 19 may be used to evaluate the self 
diffusion coefficient of copper, using the 
strain measurements obtained by the 
authors for zero stress as obtained by 
extrapolating their curves for 5 mil wires. 
By inserting a reasonable value for the 
surface energy (1500 ergs per cm?) we 
find : 


eu ~~ Ce 
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— 66,000 


Di = 5X 1042 AE [20] 


The activation energy is of the correct 
order of magnitude, but the frequency 
coefficient is much too high, indicating 
that surface diffusion may be playing an 
important role. This discrepancy in the 
action constant is much smaller than the 
corresponding discrepancy obtained by 
the authors for the viscosity coefficient. 


The writers by no means propose that 
this proves that the shrinkage of the 
wires is due to self diffusion but we 
merely wish to point out that there are 
explanations other than that given by 
the authors. In this, as in any kinetic 
phenomena, it is necessary to study the 
rate of the process before anything can be 
said about the mechanism. The determi- 
nation of surface tension given by the 
authors is based upon an interpretation of 
the data which embody the concept of 
viscous flow. The final proof of this con- 
cept will be obtained only after the time 
relationships confirming the authors’ 
Eq 15 have been conclusively established. 
The rough linearity of the stress strain 
curves obtained by the authors for experi- 
ments run the same length of time should 
not be considered as proving that viscous 
flow is occurring. 


H. UDIN (authors’ reply)—AIl of the 
test specimens were annealed at 1000°C 
for an hour or more before preliminary 
measurements were made. During this 
anneal the wires recrystallize, and the 
greatest part of grain growth takes place. 
Also, the knots sinter at the cross-over 
points. This does not in itself eliminate 
the possibility of end errors, although it 
greatly decreases their probable magni- 
tude. It is still possible that some exten- 
sion occurs due to creep in shear at the 
sintered points. If so, this effect would be 
quite independent of and superimposed 
on the normal shrinkage or extension of 
the wire itself. Within the precision of 
the experimental results, straight lines 
satisfy the data as well as do any other 
simple curves. Until data of greater 
precision are obtained, it is futile to dis- 
cuss any possible trends away from 
linearity. 

The disagreement between Kuczynski 
and Alexander’s Eq 19 and our Eq 18 is 
one of semantics and mathematics, not 
mechanism of flow, since Eq 18 is based 
on the self-diffusion concept of viscous 
flow. It would be interesting to learn 
how the mathematics leading to Eq 19 
deviates from that of Eyring and of 
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Frenkel. The dependence of self-diffusion 
coefficient on specimen size in Eq 19 is 
somewhat startling. 

As Dr. Orowan points out, neither the 
mode of flow nor its time dependence has 
any influence on the numerical values 
obtained for the surface tension of solid 
copper, because it is found from the inter- 
polated value for zero strain. 


A. J. SHALER (authors’ reply)—Dr. 
Kuczynski has said, if I understand him 
correctly, that there may be a mechanism 
of material transport, no different from 
our atomic process, which would give 
him a logarithmic relationship between 
time and the longitudinal strain. I do not 
understand how he obtains an equation 
differing from our linear relationship. 
The experiments that were plotted here 
were carried out for various times, a 
random choice of times at the various 
temperatures. Within the limits of ex- 
perimental error, these points fall on a 
straight line; there is no indication of a 
systematic deviation which would be 
indicative of a logarithmic relationship. 
I would like to ask Dr. Kuczynski if he 
would elaborate on why he expects this 
curve to be nonlinear by his method of 
material transport. 


G. C. KUCZYNSKI—I want to say 
again that I do not claim that this 
mechanism is the true mechanism. As a 
matter of fact, I do not believe that it is. 
It is only given for the purpose of showing 
that something else is possible to explain 
the results. We have said that we are 
unable to distinguish which mechanism 
is the true mechanism because only the 
time relationship will give the answer to 
this question. The mechanism here sug- 
gested is very similar to that of closing 
of the cylindrical void by diffusion flow. 
This will take place in order to decrease 
the total surface area. Similarly in this 
case the wire by shortening its length 
and increasing the radius can lower the 
total surface. When we plot strength 
against stresses we may get a very similar 
plot to that obtained by Dr. Shaler. 


L. D. JAFFE*—I first would like to 
‘congratulate the authors because this ap- 
pears, if the work is correct, to be the 

_ first reliable determination of the surface 
energy of a solid, and I think that is going 
to be of tremendous importance in the 
years to come. I believe this paper will lay 
the foundation for a great deal of re- 
search both in physical metallurgy and in 
the more specialized field of powder 
metallurgy within the next few years. 

I should like to raise a question with 
respect to one of the basic assumptions 
of the authors that the specimen will re- 
main cylindrical while it is extending or 
contracting longitudinally. The behavior 
of the wires under test should be essen- 
tially analogous to the behavior of a soap 
film, but a soap film under the conditions 
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used will not remain a cylinder. A cylin- 
drical soap film, if permitted to deform 
under the influence of surface tension 
will attempt to break down. It will de- 
velop a waist whether there is an overall 
extension or contraction. In fact, if the 
length /diameter ratio is large, as it was 
in the wires, the soap film will tend to 
break up in a series of droplets. Now, 
should not the wires also tend to break up 
into droplets? If so, then the equations 
used by the authors may not be applica- 
ble, and the value obtained for the sur- 
face tension may not be valid. 

Dr. Kuczynski pointed out that solid 
crystals do not ordinarily flow in a vis- 
cous fashion. That is quite true, but it 
has been established by recent work of 
Ké that grain boundaries do behave in a 
viscous fashion. However, if the deforma- 
tion measured by the authors is pri- 
marily due to grain boundary flow, it 
should not be considered as uniform on 
an atomic scale throughout the specimen. 
Also from the experimental standpoint, it 
would appear that the stress-strain-time 
relationship would then depend on the 
grain size of the material. Grain sizes are 
not mentioned in the paper. If the grain 
sizes were determined, would the authors 
give the results in their reply? 

Finally, is there any possibility that 
the difference in the behavior of 5 mm 
and of 3 mm wires might be associated 
with differences in relative grain size? 


H. UDIN—We measured the wires as 
carefully as we could and found no varia- 
tion in diameter. That was one of the 
reasons why we knotted it instead of 
using nicks or grooves in the wire as 
gauge points. However, after this paper 
was written, we began a new series of 
experiments in which we nicked the wire 
circumferentially with a 30° angle blade. 
Our nicks were at least a thousandth of 
an inch deep in a five thousandth’s diam- 
eter wire, so we were actually inviting 
trouble if there was any tendency for the 
wire to pinch off, and in every case we 
found the opposite tendency. The wire 
tended to restore its cylindricity rather 
than to break up at the nicks. 

As to the grain size and shape, I should 
like to point out that after the anneal the 
grain boundaries are found to be per- 
pendicular to the axis of the wire except 
in a few cases of twins, and I cannot quite 
see for this type of configuration how any 
grain boundary flow can occur, or at 
least how it can affect the length of the 
wire. 


A. J. SHALER—If this grain bound- 
ary flow were to take place it should lead 
to a saturation value of strain as you 
proceed to longer times. Just by accident 
I happen to have a slide in my pocket 
showing the stress-strain rate relation- 
ship from these experiments. I think that 
this answers partly Dr. Kuczynski’s 
question and partly Dr. Jaffe’s question. 
There is no evidence, I think, within 


experimental error of any saturation 
strain at long times (which are in this 
case coincident with high strain rates) 
either in compression or tension, nor of 
any departure from Newton’s law of 
viscosity. 


A. A. CENTER*—I wish to say that I 
am very interested in this attempt to 
measure the surface tension of solids. I 
am wondering about the analogy to soap 
filmed drops. They do have a tendency 
with increasing ratio of length to diam- 
eter of necking down and then of course 
of breaking up into droplets. The matter 
of the nicks in the copper specimens tend- 
ing to heal under stress is certainly a very 
interesting observation and will require 
further study. We will hope to hear fur- 
ther on that. I have done some work in 
chemistry and physics of surfaces and 
think this is a very interesting attempt to 
measure the surface tension of solids I 
hope there will be further work along 
these lines to see if they are actually 
measuring either surface tension or sur- 
face energy, or something else. 


J. WULFF (authors’ reply)—In answer 
to the last comment, we have been a long 
time trying to find quantitative meas- 
urement for the surface tension of solids. 
We have been worrying in our laboratory 
for the last five years over how we could 
approach this problem and we, of course, 
shall repeat many of these experiments, 
carry them on in different atmospheres, 
do them with silver and gold, do them 
with alloys. However, we are very thank- 
ful that we were able to get this far in 


‘five years. 


E. OROWAN}{—I should like to dis- 
cuss some remarks made during the dis- 
cussion, rather than the paper itself; first, 
however, I would say how much I en- 
joyed the report on this very ingenious 
piece of work. 

The final result does not depend on the 
exact nature of the law of viscous flow; in 
principle, the method consists of ob- 
serving that particular value of the ap- 
plied force at which no flow occurs. 

Viscous flow in a polycrystalline metal 
may be either sliding of the grains upon 
their neighbors, or crystallographic: slip 
(‘recovery flow,’’ due to the continued 
removal of strain hardening by thermal 
agitation). Grain boundary sliding in 
general slows down with time, because 
the unevenness of the grain boundaries 
resists the continuation of the sliding 
movement; in the present case, however, 
the boundaries were nearly plane. On the 
other hand, they were also nearly per- 
pendicular to the axis of tension, so that. 
boundary sliding may not have played an 
important part; the main part of the de- 
formation was probably by intracrystal- 
line slip. 
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FIG 7—Energy involved in slip. 


One can prove that the tendency to 
necking, which is typical of plastic de- 
formation governed by a stress-strain 
curve of the usual type, is practically 
absent if the deformation obeys Newton’s 
law of viscosity. Yet it is difficult to see 
why cylindrical single crystals should 
always retain a circular cross-section 
during flow. If they flatten, the value of 
the surface energy derived from the 
measurement will be different from that 
obtained with the assumption of a circu- 


lar cross-section, although the difference 
will amount only to a factor of order 
unity. 

What the authors have carried out is 
the counterpart of the well-known soap 
film experiment of Dupré. Let the forces 
F produce slip in a crystal with the op- 
erative slip plane indicated by the 
dotted line in Fig 7. If the resistance to 
slip is of a purely viscous nature, it 
vanishes for infinitesimally slow de- 
formation, and then the forces F' are 
opposed only by surface forces. Let 
be the (free) surface energy per unit 
of area of the slip plane. If the displace- 
ment between the parts 1 and 2 of the 
crystal increases by dz, new surfaces of 
area bdz are laid open at the re-entrant 
corners a, where b is the width of the 
slip plane perpendicular to the plane of 
the figure. The increase of the total sur- 
face energy is 2wb dr, and this must be 
equal to the work done, F dz; hence, 
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This is identical with the relationship be- 
tween equilibrium force and _ surface 
energy in Dupré’s soap film experiment. 

Clearly, the surface force that resists 
the applied forces F in Fig 7 must be the 
attraction of the opposite quadrants 
(shaded in the figure) resolved in the 
slip direction. In fact, it can be proved 
generally that the resolved attraction of 
two opposite space quadrants, per unit 
length of the edge, is equal to the specific 
surface energy of their boundary planes. 
This theorem, however, is valid only if 
the material is a continuum in the sense 
of the classical theory of capillarity, or at 
least behaves like a continuum (homo- 
polar materials may do so; to ionic erys- 


tals, the theorem cannot be applied). 


A. J. SHALER—I think I speak for 
the other authors as well as for myself in 
thanking Dr. Orowan for his great in- 
terest in this work and for clearing up 
several points so much more beautifully 
than I could have done it. 

Concerning the question of the cy- 
lindricity I should like to bring up once 
again that in the measurement of the 
surface tension the change from a circular 
cross-section to an elliptical one does not 
matter because at the point of measure- 
ment where zero strain occurs there is 
also no deformation in the cross-section. 
Therefore, the question of the strain pat- 
tern does not influence the measurement 
of the surface tension (or surface energy). 
If the process of flow is by slip there 
should be a barrier stress which would 
give us, in the curve of strain or strain 
rate against stress, a discontinuity on 
the zero-strain axis. It is very possible 
that this process is the actual one operat- 
ing, and that our experimental measure- 
ment cannot detect the flat portion in 
the curve. 

We have discussed the matter of calling 
our value surface tension or surface 
energy, and we have come to the eonclu- 
sion that we ought to call it surface 
tension, for the reason that this measure- 
ment is a mechanical one. We are dealing 
with a force and surface tension is a force. 
An energy would only be exhibited at 
other than zero strain. We may be 
wrong. We intend to make surface ten- 
sion measurements on metal single 
crystals and on silver chloride; we may 
be able then to untangle some of these 
problems by comparing the results be- 
tween ionic crystals and metal crystals. 


Self-diffusion in Sintering of Metallie Particles 


DISCUSSION 


(Ff. N. Rhines presiding) 
A. J. SHALER* and H. UDIN*— 


Bonding, and the increase in contact 
area, form two of the series of phenomena 
collectively known as ‘sintering.’ A third 
one of these is involved in changes in 
dimensions of the whole compact. Dr. 
Kuczynski’s Fig 1, in which the center 
of the sphere does not approach the sur- 
face of the plate, shows that he is not 
concerned with the last of these phe- 
nomena. On the other hand, Frenkel’s 
work is exclusively concerned with 
changes in dimensions. Dr. Kuczyn- 
ski’s rather unfortunate remarks about 
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Frenkel’s work are therefore beside the 
point. The work of Wulff and myself, 
quoted by the author, has also been pri- 
marily concerned with what we call the 
“second stage of sintering,’ in which such 
systems as may be represented by 
Kuczynski’s model of a sphere and a 
block are no longer in existence. The 
work of Pines also falls in this category. 

Neither does Dr. Kuczynski’s very 
masterful experimental work represent a 
solution to the problem of bonding. It 
does not seek to answer the question of 
why particles approach one another and 
form a weld in the first place. Such a 
study clearly reveals that the area of 
contact is initially rapidly deformed by 
direct mechanical flow caused by the 
same force of attraction. This initial 


deformation is neglected here. 

On the other hand, students of the 
phenomena of sintering must not under- 
estimate the very important contribution 
that Dr. Kuczynski does make in this 
paper. It is a well-worked out study of 
the mechanism of ‘spheroidization’ of 
the voids, the first manifestation of 
which, during sintering, is the growth of 
the areas of contact, with no change in 
the dimensions of the compact. This 
study is very valuable as a basis for pre- 
dicting the development of the strength 
of such compacts as filters and certain 
porous bearings, in which the second 
stage of sintering is never reached. 

A few more specific points may be 
brought up here. If, in Table 4, the data 
are extrapolated to zero time, it is easily 
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seen that z is still considerable. I believe 
that this initial very rapid increase in x 
is due to plastic flow. If the author had 
used values of /a based, not on z = 0 at 
t = 0, but on some value, based on later 
measurements, of z = x at ¢ = 0, his 
power relations would have been lowered. 
Thus, whereas he demonstrates that 
surface diffusion and what he calls vol- 
ume diffusion are the mechanisms of 
spheroidization because the radius of 
curvature at the contact area shows a 
oth or 7th power time-dependence, it is 
possible that, by taking into account the 
initial rapid plastic flow, the power rela- 
tion may be considerably altered. Has 
Dr. Kuczynski made any calculations 
taking this into account? It is possible 
that such a treatment of the data would 
modify the tendency towards higher- 
powered relationships with finer particles. 

Dr. Kuczynski has sought to demon- 
strate that with large particles the 
mechanism of vacancy diffusion is pre- 
dominant in the growth of the areas of 
contact. Frenkel’s viscous-flow theory 
also requires that the units of flow are 
diffusing vacancies. Yet Kuczynski cate- 
gorically states that the viscous-flow 
theory is not valid. I wonder if he could 
clarify his position in this matter. Dr. 
Kuczynski states that if Frenkel’s vis- 
cous-flow mechanism is responsible for 
sintering, the relationship between the 
radius of the area of contact and the time 
of heating should be a quadratic function. 
Although there is an error in the numeri- 
cal constant in Eq 2, taken from Frenkel, 
this statement is true. Experiments 
which are based on this relation were 
published last year by Wulff and myself. 
They show a heat of activation for the 
flow process (in a hydrogen atmosphere) 
considerably higher than that for self- 
diffusion, found by the author. This (I 
quote the author) “by no means ade- 
quate test of theory” is strongly sup- 


ported by the results of the much more 


adequate results found by Jordan and 
Duwez, which were reported at this 
meeting, and in which the heat of activa- 
tion in hydrogen is found to be 80,000 cal 
per mol. These figures appear to indicate 
that the flow mechanism in the second 
“stage of sintering is essentially different 
from the spheroidization process. which 
Kuczynski has studied here, and for 
which he arrives at a heat of activation 
—of 56,000 cal per mol for copper. I believe 
that our experiments, and those of 
Jordan and Duwez, indicate the exist- 
ence, in the earliest stage of sintering, of a 
rapid flow rate, such as in conventional 
primary creep, followed by a viscous 
flow. These mechanisms are responsible 
for the densification or swelling of com- 
pacts. Superimposed on these, the 
spheroidization of voids proceeds by the 
two mechanisms adduced by Kuczynski. 
This spheroidization contributes to the 
increase in strength of the compact but 
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cannot explain changes in density. That 
these two processes are going on at the 
same time is shown by Kuczynski’s Fig 
2. His calculations are based on the rela- 
tion between the radius of curvature at 
the edge of the contact area and the z/a 
ratio. Fig 2a shows a large radius of 
curvature and a small z/a ratio. Fig 2d 
shows, at a higher temperature, a much 
smaller radius and a larger ratio. These 
results are in direct conflict unless two 
mechanisms are at work, having different 
heats of activation. One is predominant 
at low temperature (the spheroidization), 
the other at high temperature (the 
viscous flow preceded by primary creep 
and perhaps by appreciable instantaneous 
plastic flow, in fine particles). Spheroidi- 
zation produced no densification; that is, 
the sphere center does not approach the 
block in Fig 2a. Plastic or viscous flow 
does cause densification, and the center 
approaches the block, as in Fig 2d. It is 
not fair to base such a conclusion on two 
pictures which Kuczynski states to be 
unreliable because of lack of sphericity. 
But further evidence that one single 
mechanism may not be capable of ex- 
plaining his results may be found in Fig 
5, which presumably refers to copper and 
not to silver (the caption on Fig 4 being 
here applicable). In this figure the 
points referring to the 700° experiment at 
4, 8, and 41 hr have not been plotted in 
accordance with the data in Tables 1 and 
3. If the tables are correct, the points for 
8 and 41 hr should be plotted much 
higher, and the average of the 5 points 
for 4 hr should also be higher. The line 
through these corrected points has a 
much greater slope than those shown, so 
that the dominant mechanism at low 
temperatures is not the same as at high 
temperatures. Plotting th> widely scat- 
tering points found at 600° gives, at least 
initially, an even greater slope. 


G. C. KUCZYNSKI (author’s reply) — 
J. Frenkel in his paper entitled ‘‘ Viscous 
Flow of Crystalline Bodies under the 
Action of Surface Tension” published in 
Jnl. of Physics (U.S.S.R.) (1945) IX, 
385-391 does discuss the problem of 
bonding or as he calls it ‘“‘welding”’ of the 
crystalline spherical particles without 
appreciable change of dimensions. He also 
states in this paper that the units of vis- 
cous flow are diffusing vacancies. The 
flow takes place by atoms moving to 
these vacancies preferably in the direc- 
tion of the applied force. There is how- 
ever another diffusion flow which does 
not require this acting force. If there is a 
gradient of vacancy concentration in a 
region of the body the atoms will move 
into this region. This type of mechanism 
was assumed in my paper. Obviously the 
kinetics of these two mechanisms and 
resulting time relationships are different. 
Viscous flow can produce sintering in the 
case of glass where the relationship 


xz? ~ ¢ predicted by Frenkel was indeed 
observed. In the analysis of any kinetic 
problem the time relationship is typical 
and far more important than the tem- 
perature dependence. The latter one may 
often be misleading. 

As to the specific points stressed by 
Dr. Shaler I have to admit that Tables 1— 
and 2 contain three errors, all typo- 
graphical. Some of them can easily be 
corrected by comparison with Table 3. 
In one case the diameter of the interface 
was introduced instead of its radius. 

I have replotted the results from Table 1 


5 
and 2 on nonlogarithmic scale | (4) ja 


and obtained straight lines which all 
pass through the origin, except for the 
curve for copper heated at 700°C. The 
deviations at 700°C occur for small 
periods of time when the diameters of the 
interfaces are small (few microns). 
Under such conditions the possible error 
is larger than in other cases. It is therefore 
quite possible that these deviations are 
not real. 

Although the method described in the 
paper under discussion is not too accurate 
it most certainly is able to distinguish 
between two consecutive powers of the 
interface diameter. 


M. BEVER*—The experimental meth- 
ods described in this paper are of real 
interest. From the standpoint of tech- 
niques, any new quantitative use of 
metallographic observations is an inter- 
esting and welcome development. 

A question should be raised concerning 
the choice of atmospheres in the sintering 
experiments. Hydrogen is soluble in solid 
copper and silver and oxygen is soluble in 
silver. Even if these gases are considered 
to have only negligible effects in solution, 
hydrogen can reduce oxides that may be 
present on the surface. It is well-known 
that such reduction leads to. surface 
layers of very great activity. It is de- 
sirable to exclude even the possibility of 
such active surface layers from experi- 
ments in which surface phenomena may 
play a part. 


G. C. KUCZYNSKI—I was aware of 
this difficulty. However I have run some 
silver samples in hydrogen and oxygen at 
700 and 800°C for the same periods of 
time and no difference was observed; and 
recently a few copper specimens were run 
in an argon atmosphere at 900 and 
1000°C. There was not any appreciable 
difference between these and _ those 
heated in hydrogen. Tentatively there- 
fore I can state that in the case of these 
two metals any nonoxidizing atmosphere 
does not seem to have an appreciable 
influence upon the bonding of particles. 
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The correlation of the high tempera- 
ture chemical properties of slag-metal 
systems with some easily measured 
property of either slag or metal at room 
temperature has been the goal of both 
process metallurgists and melting op- 
erators for many years. 

There are several rapid methods for 
estimating various constituents in steel 
in addition to the conventional chemi- 
cal methods which are quite fast, but 
these do not reveal the nature of the 
slag as a refining agent, which is of pri- 
mary interest to the steelmaker. 

Furthermore, there are several meth- 
ods for examining slag, the three 
principal ones being slag pancake, 
petrographic examination, and the 
previously mentioned chemical analy- 
sis. The main objection to the last two 
is the time required to make a satis- 
factory estimate of the mineralogical 
or chemical components. The objection 
to the first is the inadequacy of the 
information obtained. 

A new technique has been devel- 
oped by Philbrook, Jolly and Henry! 
whereby the properties of slags are 
evaluated from an aqueous solution 
leached from a finely divided sample of 
slag. [t is known that the pH or hydro- 
gen ion concentration (of saturated 
solutions that have dissolved certain 
basic oxides, notably calcium oxide) 
will indicate a pronounced basicity. 

Philbrook, Jolly and Henry devised 
the pH measurement technique in 
order to supply open hearth operators 
with a fast, reasonably accurate method 
of estimating slag basicity. They of- 
fered the method as an empirical 
observation and made no claims as to 
its theoretical justification. The re- 
sults were presented as an experi- 
metally observed relationship which 
applied over an important range of 
basic open hearth slags. They found 
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that, in plotting the measured pH 
against the basicity, the best relation- 
ship existed between the pH and the 
log of the simple V ratio, CaO/SiO». 

Extensive investigation also showed 
that there were several variables in the 
experimental technique that influenced 
the results and necessitated following 
a standard procedure to obtain re- 
producible pH readings. These varia- 
bles were: 1. Particle size of the slag 
powder used. 2. Weight of sample used 
per given volume of water. 3. Time of 
shaking and standing allowed before 
the pH was measured. 4. Exclusion of 
free access of atmospheric carbon di- 
oxide to the suspension. 5. Tempera- 
ture of the extract at the time the pH 
was measured. 

In subsequent investigations of the 
pH method by Tenenbaum and Brown? 
and by Smith, Monaghan and Hay? the 
general conclusions of Philbrook’s work 
were reaffirmed. It was the object of 
the present investigation to extend the 
technique to a point where it could be 
used to evaluate slags of all types. 


Experimental Results 


PARTICLE SIZE OF SLAG POWDER 


A large sample of commercial blast 
furnace slag of intermediate basicity 
(V-ratio 1.15) was selected for the 
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study. The slag had been put through 
a jaw crusher until all of it passed 
through a 20 mesh screen. Five frac- 
tions of this crushed material were 
separated, —20 to +40, —40 to +60, 
—60 to +100, —100 to +200, and 
—200 mesh. 

A representative sample of 0.5 g was 
removed from each fraction and the 
pH determined using the method of 
Philbrook. Check pH analyses on the 
sample fractions varied due to the dif- 
ferent amounts of shaking. To elimi- 
nate this variable, a mechanical shaker 
was employed. In order to know the 
exact time of contact between the slag 
and water, it was found necessary to 
filter the extract at the end of the shak- 
ing period. Using the mechanical 
shaker and a filtering apparatus, simi- 
lar runs were made on the five fractions 
for contact times of 5, 10, 20, and 40 
min. Random checks gave reproducible 
results within 0.02 pH. The data are 
plotted in Fig 1. 

It can be seen from the plot that each 
slag fraction is hydrolyzed to an extent 
that is roughly proportional to the sur- 
face area exposed to the water. The 
(— 100 to 4-200) mesh material changed 
very little in pH after 10 min. shaking 
time. The curves are symmetrical and 
lie in proper relation to one another. 
The —200 mesh curve appears to be 
somewhat flatter than the others, but 
this can be attributed to the portion of 
very fine material that is not present in 
the other fractions. 

The closeness of the (— 100 to +200) 
mesh curve to the —200 mesh curve 
and the fact that a —100 mesh sample 
would contain amounts of slag down to 
1 or 2 microns in diam were considered 
sufficient reasons for selecting a —100 
mesh sample as representative of the 
whole sample of slag for the purposes 
of this investigation. 
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FIG 1—Effect of shaking time on pH for various particle 


sizes. 


EFFECT OF WEIGHT OF SAMPLE 
ON pH 


The same commercial blast furnace 
slag that had been used in the study of 
particle size was also employed in de- 
termining the effect of weight of sam- 
ple on pH. Portions of the five screen 
sizes were removed and weighed care- 
fully on an analytical balance. The 
smallest sample taken was 50 mg and 
the-largest sample was 500 mg. (The 
procedure for weighing, shaking, and 
filtering remained unchanged, and the 
time of contact between the water and 
the slag was held constant at 10 
min.) The data are plotted in Fig 2. 

It can readily be seen from the plot 
that the curves assume the general 
characteristics of potentiometric titra- 
tion curves for acid-base reactions. 
This type of curve has a straight line 
portion on either side of the neutraliza- 
tion point. It was considered important 
that the sample size selected as a basis 
for a standard should be well within 
the straight line portion of the curve in 
order to compare different slags satis- 
factorily. As a consequence, the weight 
of sample selected as standard for the 
_ rest of the investigation was 0.5 g. 

In order to shift the neutralization 
point further to the left, it was decided 
that the distilled water should be 
boiled to reduce the amount of acid- 
forming CO. 

Any pH value on a slag extract of less 
than pH 9 should be considered of 
doubtful value since it occurs in a re- 
gion where the curve bends toward the 
neutralization point. 


STANDARD TECHNIQUE USED FOR 
pH MEASUREMENT 


Weigh out a representative 0.5 g 
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sample of slag which has been pow- 
dered so that the entire sample will 
pass through a 100 mesh screen. The 
sample should be dry and free of con- 
tamination. Weighing of each sample is 
recommended in order to obtain repro- 


ducible results; however, an ordinary — 


trip balance may be used satisfactorily. 

Place the sample in a clean, dry 250 
ml Erlenmeyer flask. Measure with a 
pipette 100 ml of previously boiled, dis- 
tilled water and add to the sample in 
the flask. As the water contacts the 
slag, note the time of contact. After the 
pipette drains, stopper the flask tightly 
and place in a mechanical shaker. This 
type of agitation prevents caking and 
agglomeration of the sample on the 
bottom of the flask. 

Remove the flask from the shaker at 
the end of approximately 914 min. and 
pour the suspension onto a glass frit 
filter as the timer reaches 10 min. This 
sets the exact time for contact between 
the water and the undissolved residue 
remaining. 

The solution should be filtered under 
suction in order to complete the opera- 
tion as rapidly as possible. The solution 
is caught in a test tube suspended in- 
side an ordinary vacuum flask. Remove 
the test tube and stopper it tightly. 
Shake well to mix the solution thor- 
oughly. Place a 3-5 ml sample in the 
test cup of a precision pH meter and 
measure the pH of the solution with the 
previously calibrated meter. 

The time consumed for determining 
the pH on each sample by this method 
was about 15 min. This is exclusive of 
the time necessary for preparation of 
the slag powder and the time for 
weighing. It was found that results 
could be duplicated to +0.03 pH as 
long as careful attention was paid to 


FIG 2—Effect of weight of sample on pH for various particle 


sizes. 


the various steps in the standard 
technique. 


CORRELATION OF pH OF BLAST 
FURNACE TYPE SLAGS WITH 
COMPOSITION 


Using the standard technique, as de- 
scribed in the previous section, a set 
of slags submitted in connection with 
the Doctor’s thesis of Gerald G. Hatch 
was checked. 

The analyses of these slags are re- 
ported in the paper of Hatch and Chip- 
man‘ and will not be repeated here. In 
general, the slag compositions covered 
a much wider range of values for the 
four main constituents than is found 
in the typical commercial blast furnace 
bisilicate slags, but they are free of 
MnO. These limits of composition 
variation are as follows: 


Pct 

Ca Olsen ievcsnas 2 ase noee ae 16-52 

IM PO) Sere SS tee oe eee 0-38 

SiOz. 14-53 

NGO BAe Ose Ne eee 0-39 
saeialyharere ccers Oo tAlet was ePRMET 0-4.5 


Fig 3 contains a plot of the pH of 
each slag against its molar lime-silica 
ratio. In a similar manner Fig 4 relates 
the pH to the general molar basicity 
ratio, Sea These two plots 
are included to illustrate the diversity 
of the slag compositions in comparison 
with the slags used by Philbrook, Jolly 
and Henry. These authors were able to 
correlate their values with a plot simi- 
lar to Fig 3, as were Smith, Monaghan 
and Hay.* In neither instance do Fig 
3 and 4 show a relationship between 
the chosen basicity value and the 
measured pH. 

In Fig 5, a plot of EXCESS BASE 
against pH was tried. The quantity, 
EXCESS BASE, in this case is similar 
but not the same as the quantity first 
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calculated by Grant and Chipman.® 
In this instance, a neutral slag is 
assumed to be of the bisilicate type, 
that is, MgO-SiO., and CaO-SiOz. 
Grant and Chipman had selected a 
monosilicate slag as a neutral slag in 
their treatment of open hearth slag. 
Otherwise, the term EXCESS BASE 
is computed in the same manner for 
the study of blast furnace type slags. 
The main reason for selecting a bisili- 
cate slag as a neutral slag is that it is 
known that monocalcium silicate is 
more stable with respect to water than 
is dicalcium or tricalcium silicate. This 
treatment of solid slags in no way con- 
tradicts the assumption that Grant and 
Chipman used to explain the behavior 
of liquid open hearth slags. 

It should be pointed out that Fig 5 
is the plot of millimols of EXCESS 
BASE per 0.5 g sample against pH. 
One of the practical limitations of this 
type of basicity measurement is the 
variation in the number of millimols of 
slag in 0.5 g. The replacement of CaO 
by large amounts of the lighter mole- 
cule of MgO will make the number in- 
crease, whereas the replacement of 
SiO, by substantial amounts of Al,O; 
will cause it to decrease. 

The aqueous solubilities of the vari- 
ous oxides found in slags formed the 
basis of the basicity value used in 
plotting Fig 6. It was noted that 
Mg(OH), had the largest of the solu- 
bility products after Ca(OH)», but 
even its value was not of sufficient 
order of magnitude to seriously inter- 
fere as long as there was a reasonable 
amount of CaO present. The pH of a 
pure aqueous solution saturated with 
-Mg(OH),. can be computed and is 
found to be between pH 10 and pH 11, 
depending on the data used. The pres- 
ence of Ca(OH). greatly suppresses the 
hydrolysis of MgO. Since the extracts 
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are not at equilibrium and are not 
saturated, it can be assumed that the 
MgO does not have an influence on 
pH’s over 9. 

The relationship between millimols 
EXCESS CaO and pH in Fig 6 seems 
quite good when it is realized that 
many of these slags are not fully 
matured and do not represent final 
equilibrium slags. 

The calculation of EXCESS CaO in- 
volves the same procedure as the cal- 
culation of EXCESS BASE. After the 
value for EXCESS BASE has been 
found, it is multiplied by the CaO 
fraction of the total bases present in 
the slag. For example, if the slag con- 
tains 80 pct (molar) CaO and 20 pct 
(molar) MgO of the bases present, then 
the EXCESS CaO will be four-fifths of 
the calculated EXCESS BASE. 

It should be repeated that the pH 
values found here are not equilibrium 
values but can be applied to a particu- 
lar set of conditions. Qualitatively, it 
can be stated that longer shaking times 
would decrease the slope of the line 
shown in the various figures while 
shorter times would increase the slope. 


CORRELATION OF pH OF OPEN 
HEARTH TYPE SLAGS WITH 
COMPOSITION 


The same investigation that was 
carried out on blast furnace type slags 
was repeated for a set of open hearth 
type slags that had been used in the 
study of sulphur equilibria by Grant 
and Chipman.® 

The composition range found in these 
slags is far larger than would be found 
in the ordinary commercial open hearth 
slags. The most complex slags contain 
varying amounts of nine different 
constituents, 


In the calculation of EXCESS BASE 
for this investigation, the assumption 
was made again that a bisilicate slag is 
a neutral slag. The compounds SiOz, 
Al,O3, and Fe.0; were considered 
acidic and equivalent to each other on 
a molar basis. Also, the compounds 
CaO, MgO, FeO, MnO, CaS, and 
CaF, were considered basic and equiva- 
lent to each other on a molar basis. In 
order to compute the EXCESS BASE 
for a given weight of slag, subtract the 
acids from the bases and the remaining 
is the value for EXCESS BASE. 

The calculation of EXCESS CaO is 
made by multiplying the EXCESS 
BASE by the CaO fraction of the total 
bases present in the slag. The com- 
pounds CaS and CaF, are included 
with CaO in computing the EXCESS 
CaO. 

A plot of EXCESS BASE against 
pH is shown in Fig 7. The scatter of 
points is similar in appearance to that 
found for blast furnace type slags. 
There are more slags with higher pH’s. 
A large portion of the open hearth 
type slags have pH values between 11 
and 12 while the more neutral blast 
furnace slags seldom exceed a pH of 
1l. There is no significant correlation 
between EXCESS BASE and pH. 

In Fig 8, EXCESS CaO is plotted 
against pH and the resulting straight 
line relationship is found to be quite 
similar to Fig 6, except that the points 
occur in the upper portion of the graph. 

Fig 9 is a combination of Fig 6 and 
Fig 8 plotted together. The straight 
line relationship found in each case 
separately is the same for both types of 
slag. A close inspection of the plot will 
show that there are blast furnace slags 
that extend up into the more basic 
region of the open hearth slags, and, 
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FIG 5—Effect of excess base on pH for blast furnace type 


slags. 


conversely, some of the more neutral 
open hearth slags are found in the 
region of blast furnace slags. 


Discussion of Results 


THE pH METHOD OF ESTIMATING 
SLAG BASICITY 


As mentioned previously, the most 
serious limitation in the use of the pH 
method as a research tool would be the 
variation in the number of millimols of 
slag in a definite weight of sample when 
composition varies over a wide range 
of molecular species of widely different 
molecular weights. In other words, a 
chemical analysis would still be neces- 
sary to check the pH results if it were 
expected that significant variations 
might occur in the low molecular 
weight (MgO) or high molecular 
weight (Al,0;) oxides from heat to 
heat. 

One of the criticisms leveled against 
the pH method is its inability to pre- 
dict V-ratios closely. This is not the 
fault of the pH method, but perhaps is 
due to the inadequacy of the V-ratio. 
All previous investigators of the pH 
method??? have reported some sort of 
correlation between the pH of the slag 
extracts and the V-ratio in either its 
ordinary or modified form. However, 


_Smith, Monaghan and Hay? in discuss- 


ing the results of their conductance 
measurements infer that CaO is the 
controlling constituent responsible for 
the conductance effect. They state that 
it appears that the extent to which the 
CaO is leached out of compounds and 
solid solutions in the slag is in some 
way proportional to the V-ratio. 

Since it has been found that the pH 
method gives a satisfactory value of 
EXCESS CaO, it would be expected 
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Excess Base per 0.5 Gram Sample 
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that EXCESS CaO and the V-ratio 
would not correspond in all cases. This 
is what was found by Philbrook. The 
pH method proved satisfactory for his 
V-ratios of 2.5 to 4. 

The institution of the pH method for 
estimating EXCESS CaO could be ac- 


complished with several modifications 


in the technique reported in this 
investigation. 

The accurate weighing of samples 
would not be necessary, but since the 
determination would be performed by 
laboratory personnel, the sample could 
be weighed in the same manner as for 
the iron oxide determination which 
commonly uses a 0.5 g sample. 

Mechanical agitation of the sample 
is to be preferred to intermittent shak- 
ing because it prevents caking and ag- 
glomeration of the sample on the 
bottom of the flask. 

Boiled distilled water is a safeguard 
against too much CO, in contact with 
the sample. A mechanical shaker and 
boiled distilled water usually are em- 
ployed in the steel works laboratory 
for the determination of phosphorus. 
Their use would entail the purchase of 
no new equipment or reagents. 

The filtration of the solution after a 
definite time of contact between the 
sample and the water could probably 
be eliminated. This step was used to 
determine the exact effect of time of 
contact on the resulting pH. However, 
the desirability of a set procedure 
should be emphasized. 

The determination of the pH of the 
aqueous suspensions should be per- 
formed in a section of the laboratory 
where there is a minimum amount of 
acid fume. Free H.S, HCl, NO, and 
other acidic gases have a very deleteri- 
ous effect on the pH’s of the basic 
solutions. 


-0.2 
Log Millimol 


0.0 0.1 0.2 0.3 
Excess CaO per 05 gram Sample 
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FIG 6—Effect of excess CaO on pH for blast furnace type 


slags. 


ANALYSIS OF BLAST FURNACE 
SLAG-METAL DATA IN TERMS OF 
EXCESS CaO 


The quantity EXCESS CaO as 
measured by the pH method is limited 
in its general usefulness unless com- 
bined with additional information to 
determine the EXCESS BASE value 
for the slag. In certain instances, this 
might be practical to do. Whenever 
other oxides such as MnO or MgO 
remain low or are absent altogether, 
the EXCESS CaO value might be 
combined with the chemically deter- 
mined FeO content to give a reasonable 
estimate of overall basicity. 

When the basicity of the slag has 
been estimated in this way, any prop- 
erties that vary directly with basicity 
can be determined. One of the prime 
interests of the steelmaker is sulphur 
control. It is known that sulphur dis- 
tribution depends on basicity of the 
slag. With these considerations in mind, 
it might be expected that the use of pH 
values alone to determine limiting sul- 
phur ratios would be restricted to the 
case where there is no FeO present, 
such as the typical blast furnace slag. 
The slags of Hatch and Chipman‘ used 
in this study were free of MnO and 
FeO, but contained more than residual 
amounts of MgO. Comparing their 
slags in two different ways, they found 
that it was necessary to make some 
modification in the desulphurizing ef- 
fect of MgO. Both the ones 
ratio and the EXCESS BASE per 
100 g values showed a rather wide. 
scatter of points when plotted against- 
the sulphur ratio. * 

Realizing that Hatch and Chipman, 
in formulating their value for EXCESS. 
BASE, had made many of the same 
assumptions that were used in this 
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FIG 7—Effect of excess base on pH for open hearth type 
slags. 
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FIG 9—Effect of excess CaO on pH for blast furnace and 
open hearth type slags. 
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FIG 8—Effect of excess CaO on pH for open hearth type 
slags. 
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investigation, it was thought that a 
better comparison might be obtained 
if the slags were referred to one mol of 
slag instead of 100 g, since there was a 
significant variation in the amounts of 
low molecular weight (MgO) and 
high molecular weight (Al.O0_) oxides 
present. For the calculation of one mol 
of slag, it was assumed that the neu- 
tralized bases, CaO, SiO», MgO, Al.O;, 
and others, were one molecular species, 
and the “‘free’’ or EXCESS BASE was 
a separate molecular species. 

Fig 10 shows the effect of EXCESS 
BASE per mol of slag on the sulphur 
ratio where the CaS is considered to be 


a base along with CaO and MgO. The | 


point on the line drawn represents 
heat H-24 which has essentially no 
MgO. The two points that are very 
close to the line represent heats H-28 
and H-51 which have approximately 
1.5 pet MgO in the slag. Points pro- 
gressively further off the dotted line 
show increasing MgO content. 

Fig 11 is a plot of EXCESS CaO per 
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Mols Excess Base per Mol of Slag 


FIG 10—Effect of excess base per mol 
of slag on sulphur ratio for heats of Hatch 
and Chipman made at 1500°C. 


mol of slag against the sulphur ratio. 
The CaS present is considered as a part 
of the CaO. The relationship in Fig 11 
is very good, passing through the origin 
and showing very little deviation from 
a straight line relationship. 

In this particular instance (MnO 
free slags), the pH value will give a 
satisfactory estimate of the basicity of 
blast furnace slags. Fig 12 shows the 
relationship between pH and the sul- 
phur ratio for these slags. The log of 
the sulphur ratio must be plotted 
against pH since pH is a log relation- 
ship. The scatter of points is due to the 
variation of the number of millimols of 
slag in 0.5 g sample. 

A similar plot of EXCESS CaO 
against the sulphur ratio for the open 


hearth slags was attempted, but the 
relationship was extremely poor, em- 
phasizing the necessity for additional 
information to obtain the value for EX- 
CESS BASE which has been correlated 
previously with desulphurization.® 


Conelusions 


1. The pH of the slag extracts has 
been studied over a very wide range of 
slag compositions varying from neutral 
bisilicate slags of the blast furnace type 
to the highly basic slags achieved in 
the open hearth process. 

2. It has been found that the pH of 
an aqueous solution extracted from 
powdered slags, using a standard tech- 
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FIG 11—Effect of excess CaO per mol 
of slag on sulphur ratio for heats of Hatch 
and Chipman made at 1500°C. 


the pH of the slag shows a close rela- 
tionship to the desulphurizing ratio; 
however, the pH is not closely related 
to the desulphurizing ratio of the basic 
open hearth. 
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Experiments have shown! that the 
formula 


etl] 
S a Si oa (S; =— S./)e oe (1) 


expresses very well the relation be- 
tween the true stress S and the true 


; 1 do f 
Straminn\ 7 — be — 2 In —))) for uni- 


lo d 

form monotonic deformation of plastic 
metals in single tension and compres- 
sion (Fig 1). S; (asymptotic or final 
stress), S.’ (threshold stress) and 7. 
(characteristic or specific strain) are 
constants, the significance of which 
immediately follows from Fig 1. Only 
at the initial stages of deformation the 
experimental curve runs below the 
theoretical curve. This may be due, at 
least partly, to the uneven stress dis- 
tribution caused by the anisotropy of 
the crystals. It is now obvious that a 
similar formula 

n 


H=H,-— (A; a He’ [2] 


might be valid for the relation between 
the hardness and the strain. The 
hardness can be only a function of the 
strain and must therefore be inde- 
pendent on the hydrostatic tension 
present in the neck during straining. 
Hence, if Eq 2 is correct it will also 
represent the relation between hard- 
ness and strain in the middle section 
of the neck, the strain of which is gen- 
erally assumed to be almost or fully 
homogeneous. For aluminum, copper, 
and several copper alloys it is indeed 
observed that Eq 2 agrees very well 
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FIG 1—Schematic true stress-true strain and Vickers hardness-true strain relation. 


with the experimental Vickers hard- 
ness-strain relation from zero strain on 
up to the strain at fracture. Moreover 
nc’ is, for several metals fairly equal to 
ne Hence 

H = C,+ C8 [3] 


C,; and C, are constants during uni- 
form uniaxial tension. Eq 3 was also 
obtained for copper by Voce.? Ac- 
cording to Hencky’s theory‘ the ratio 
of the Brinell or Vickers hardness and 
the yieldstress (expressed in kg per 
mm?) of a non-strainhardening metal 
is approximately equal to 2.8. If Eq 1, 
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2 and 3 are correct the ratio H,/S, 
must accordingly be the same for all 
plastic metals and be equal to 2.8. It is 
now experimentally established that 
this ratio varies between 2.7 and 3.1 
with a mean value of 2.9. Taking into 
account that H, and especially S, can 
be obtained only by extrapolation 
from the range of rather low strains, 
the agreement with the theory is very 
satisfactory. 
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Introduction 


- The melting points of mixtures of 
titanium dioxide and other titanates 
have been reported to a limited extent 
as binary systems and some results 
have been reported in conjunction with 
silicon dioxide. The limited data indi- 
cated that a low melting zone might 
existin a ternary or quarternary system 
of CaO-MgO-TiO,-Al,03, since the 
eutectics reported in the binary sys- 
tems of Mg0-Ti0,-TiO., Al,03:TiO.- 
TiO, and CaO-TiO.-TiO, were of about 
equivalent composition of TiO». The 
importance of a low melting region with 
a high titanium oxide value in the 
developing of high titanium slags is 
~ fully appreciated by metallurgists. A 
comprehensive study was undertaken 
to establish basic information on low 
melting titanate mixtures. 


Compounds in the System 
Ca0-Mg0-TiO.-ALO, 


_—Preparation of the titanates of CaO, 
MgO and AI,0; confirmed reported 
data that the following compounds 
could be formed under oxidizing condi- 
tions in solid state reactions: 


CaO-TiO2, 2MgO-TiO2, MgO-TiO., 
Mg0O-2TiO, and Al,03-TiO>. 


Under oxidizing conditions it was 
not possible to react MgO with TiO, in 
mol ratios higher than 1:2 without 
having unreacted TiO, in the product, 
nor was it possible to form calcium or 
aluminum titanates with a higher mol 
ratio of CaO and Al,O; to TiO, than 
Ted. 


DECEMBER 1949 


By fusing mixtures of Al,03;-Ti0, and 
Mg0O-2TiO, together a series of solid 
solution products were obtained, which 
showed an MgO-2TiO, X ray diffrac- 
tion pattern shifted to smaller inter- 
planar spacings. 


Range of Investigation 


Data in the literature! indicated that 
these titanates had melting points 
which ranged from 1645 to 1860°C. 

Since the purpose of the study was 
primarily to provide useful data for 
smelting titaniferous ores, the work 
was restricted to the zone of the system 
which would include the crystalline 
phases present in the slags. The ex- 
plored limits were bounded by CaO-- 
TiO:-Mg0O-TiO,-TiO, in the base plane. 
The system was extended to a fourth 
component Al,03-TiO, since many ti- 
taniferous ores contain appreciable 
amounts of Al,O3. 

In the quarternary system CaO-TiO.- 
Mg0-TiO,-TiO,-Al,03°TiOs, a tetrahe- 
dron was used to represent graphically 
the components, with one component 
at each point of the tetrahedron. 

In the base plane, mixtures were pre- 
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pared to represent fairly uniform 
changes of composition over the de- 
sired range expressed on a mol percent 
basis. Al,O3-TiO. was brought into the 
system in increments of 10 mol pct up 
to 40 pct. Mixtures were then made up 
for each of the Al,O3-TiO» planes. The 
ranges employed were then represented 
by five planes cutting the tetrahedron 
at 10 mol pct Al,O;-TiO> intervals. 


Choice of Equipment 


Although it was necessary for all 
smelting work to be done in a strongly 
reducing atmosphere, it was decided 
that all melting point determinations 
should be done under oxidizing condi- 
tions. This decision was prompted by 
the fact that TiO, reduced to lower 
oxides in a reducing atmosphere with 
consequent changes in melting points. 

The use of a micropyrometer and a 
platinum strip furnace for work of this 
type is adequately described in the 
literature.2 With modifications, equip- 
ment was selected which provided a 
fairly rapid method of determining 
melting points of refractory oxides. 

The final assembly, which was used, 
consisted of a platinum strip furnace 
and a Leeds and Northrup disappearing 
filament optical pyrometer attached to 
a special telescope which magnified the 
sample about 20 diam. 

The furnace assembly consisted of a 
platinum strip 0.005 X 0.3 X 2.2 in. 
mounted on brass posts on a refractory 
base. This was enclosed in a black 
steel shell which had a 2-in. opening at 
the top for purposes of sighting the 
telescope. 

The platinum strip was in series with 
two 0.04 ohm nichrome resistors con- 
nected to the secondary of a 2 kw 
transformer which supplied 17 volts. 
The current to the primary was varied 
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FIG 1—Melting equilibria for system CaO-TiIO.-MgO-TiO>-TiO>. 


Clear area-fluid zone. Cross-hatched area-viscous zone. 


by means of a 35 ohm variable resistor. 
Large increases of current in the system 
were made with this resistor. Very fine 
adjustments were made by means of 
the sliding contacts on the nichrome 
resistors. 


Preparations of Mixtures 


The compounds CaO:Ti0O:, MgO-- 
TiO., MgO-2TiO, and Al,O3-TiO. were 
prepared from spectrographically pure 
TiO.,, and cp CaCO;, MgO and 
AI(OH);. Stoichiometric amounts of 
the components were wet mixed, dried 
and pelletized. The pellets were then 
fired in platinum at 1500°C under 
oxidizing conditions for 3 hr to com- 
plete transformation to the compounds 
in each case. Chemical analyses of the 
compounds showed the materials to be 
on composition within 0.4 pct. 

These compounds were then finely 
ground, wet-mixed in varying amounts 
to give the required compositions and 
sintered at 1200°C for at least 3 hr to 
give hard sintered products. 


Determination of Melting 
Points of Mixtures 


Fragments of the sintered mixtures, 
which had been screened through a 100 
mesh screen, were placed on the plati- 
num strip and spread evenly to insure 
close contact between the platinum and 
the sample. The temperature of the 
strip was then raised rapidly to about 
_ 1000°C. Time was allowed for the 

sample to reach temperature stability 
and the temperature rise was then ad- 
justed to about 10°C per min. until the 
melting point was reached. 
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FIG 2—Melting equilibria for system CaO-TIO2-MgO-TiO:- 
TiO.-Al,O;-TiO>. (10 mol pct Al,O;-TiO: layer). 


Clear area-fluid zone. Cross-hatched area-viscous zone. 


The temperatures at which melting 
occurred were obtained by sighting the 
pyrometer on the platinum strip 
adjacent to the sample at right angles 
to the length of the strip and in line 
with the particles under observation. 
These precautions were necessary since 
the temperature gradient across the 
strip was quite steep. 

The emissivity of the platinum strip 
in the open conditions which prevailed 
was considerably less than in black- 
body conditions so temperature cor- 
rections were applied in accordance 
with Table 16, p. 13, of Bureau of 
Standards “Pyrometric Practice’ No. 
170. The emissivity corrections for 
platinum were checked against the fol- 
lowing substances whose melting points 
are reported in the literature: 


Reported | Observed* Be iation 
Substance Melting Melting Re aoe 
Point °C | Point °C Value oC 
Gold 1063 1060 —3 
Na2Tiz07 1128 E25) —3 
BaF» 1280 1270 —10 
CaMgSix0¢ 1391 1385 —6 
gTi20; 1660 1645 —45 


* Emissivity corrections for platinum applied 
to observed temperature reading. 

The resolving power of the telescope 
was sufficient to permit the observance 
in the fluid melts of the points at which 
the last solid particles became molten. 
In these melts the particles formed 
spheres very sharply at the melting 
point. The temperature of formation of 
spheres and the disappearance of the 
solid phase coincided. As a check, the 
temperature of the sample was lowered 
through the melting point to note the 
temperature of appearance of the solid 
phase. Good agreement was obtained. 

In the range of melts which were 


classified as viscous, it was difficult to 
determine accurately the point at 
which the particles became spherical, 
since they showed a rounding of the 
edges at the softening point and the 
transition to spheres was not nearly as 
sharp as in the mixtures which were 
fluid. Chief reliance was placed on the 
observance of the point at which the last 
observable solid particles disappeared. 

Quenching of the samples did not 
assist in determining if the mixtures 
were completely molten, since the 
crystal growth of the titanates was so 
rapid that isotropic phases could not 
be obtained. Hence the actual determi- 
nation of the points at which samples 
were completely molten rested very 
much with the judgment of the 
operator. 


Definition of Melting and 
Softening Points 


The following definition of the melt- 
ing point of a refractory material was 
used,” “The melting point of an ir- 
regularly shaped refractory particle is 
that temperature at which the vis- 
cosity (or crystalline rigidity) is over- 
come by the random motion of the 
molecules and at which the surface ten- 
sion is sufficient to draw the particle 
into a globular shape.” 

In contrast to this, the ‘‘softening”’ 
point was considered to be ‘“‘the tem- 
perature at which the corners of an 
angular piece of the refractory sub- 
stance first became rounded.” At this 
point there would be considerable un- 
fused material present in the particle 
whereas at the melting point there 
would be only a trace of solid material 
in equilibrium with the fused portion. 
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FIG 5—Melting equilibria for system CaO-TiO2-MgO-TiO>- 
TiO.-Al,O:-TiO2. (40 mol pct Al-O3-TiO: layer.) 


Clear area-fluid zone. Cross-hatched area-viscous zone. 


Table 1... Patterns of MgO-2TiO:, AlzO3-TiO2 and Intermediate Series 
of Mixed Crystals Spectrometer, Cu Ka, = 1.5374A, 2 rpm scan. No 
‘Corrections Applied 


aftaiors, | fateh, | Bohs. | Aleks 

: g 102 g 102 g i102 gO 2TiO2* a 

Mg0.27i02 | 2220Mol % 40Mol % 60Mol % BOMoliy,, 440) AO THO: 

= Al2O3-TiO2z Al203:TiO2 Al:O3:TiO2 AlsO3:TiO2 

- d/nA | 1/1 |d/nA}| 1/1 }amA| 1/1 | dA} TI | d/nA} 1/1 | dmAl| I 
5.0 | 0-12 | 4.9 0.2 
4.9 0-12 | 4.8 0.4 | 4.8 0.3 | 4.8 Op Ams lesen eee cOn tas | Aas Oa 
3.51 | 1.00 | 3.44 1.00 | 3.43 0.7 | 3.40 1.00} 3.39] 1.0 | 3.35 | 1.00 
2.86 | 0.09 | 2.83 0.08 | 2.82 0.05 2.65 | 0.7 
2:75 | 0-6 | 2.72 1.00 | 2.71 1.00 | 2.70 | 0.7 .68| 0.5 
2.45 | 0.2.) 2.42 0.2 | 2.41 0.1 | 2.44 0.09 2.36 | 0.20 
2.42 | 0.15 | 2.39 0.2 | 2.37 0.05 | 2.41 0.12 
2.22 | 0.15 | 2.21 0.2 | 2.19 0.15 2.14 -| 0.31 
2.19 | 0.2 | 2.17 0.25 | 2.16 0.1 | 2.16 0.2" 2:11 | 0.30 
1.967 | 0.3 | 1.951 | 0.3 | 1.943] 0.25] 1.931] 0.4 1.91] 0.2 | 1.897 | 0.52 
1.876 | 0.6 | 1.850] 0.6 | 1.836] 0.25 | 1.822] 0.3 | 1.81] 0.4 | 1.792 | 0.44 
1.846 | 0.15 | 1.836 | 0.1 1.687 | 0.28 
MTS Sele OMISe 1788. Onder dat2519.0-1) 4 PA713e1— ONS 1.606 | 0.27 
1.665 | 0.15 | 1.653 | 0.2 1.629 | 0.09 1.578 | 0.28 
1.634 | 0.2 | 1.621] 0.2 | 1.613] 0.1 | 1.601] 0.1 1.519 | 0.06 
1.551 | 0.3 | 1.532] 0.2 | 1.524] 0.15 1.484 | 0.36 
1.535 | 0.2 | 1.528] 0.2 | 1.514] 0.1 1.449 | 0.08 
1.424 | 0.09 | 1.409 | 0.1 1.371 | 0.14 
1.378 | 0.08 1.305 | 0.16 
1.358 | 0.15 | 1.343 | 0.1 1.266 | 0.11 
1.318 | 0.08 | 1.283 | 0.09 1.253 | 0.11 
1.265 | 0.10 | 1.256 | 0.1 1.219 | 0.09 
1.245 | 0.10 | 1.235 | 0.07 


w—After relative intensity means wide line or lines. 
*—_Very weak pattern. 
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FIG 6—Patterns of MgO-2TiO.-Al,O;:TiO2 and intermediate series of mixed crystals. 


Differentiation between 
Fluid and Viscous Melts 


Preliminary investigation of the 
melting points of mixtures of the ti- 
tanates disclosed, in many cases, that 
if a sample were heated above the 
melting point, the surface tension 
was sufficient for several neighboring 
spheres to migrate into one mass. 

If this occurred within 100°C of the 
observed melting point, the mixture 
was classified as “fluid.” If this migra- 
tion did not occur within this range the 
mixture was classified as ‘‘viscous.”’ 


Phase Relationships 


Equilibrium conditions prevailing at 
high temperatures were not obtained, 
since any possible transitions could not 
be prevented by the quenching method. 
No attempts were made to determine 
these equilibria by a method such as 
X ray diffraction studies of com- 
pounds at high temperatures. 

In mixtures which had been fused 
and subsequently cooled to room tem- 
perature, the following compounds 
were observed: 

1. In the base-plane CaO: Ti0.-Mg0:- 
Ti0,-TiO, (See Fig 1). 

(a) Below the CaO-Ti0.-Mg0-2TiO, 
tie-line, CaO-TiO., MgO-TiO, and 
MgO-2TiO, were present in the pro- 
portions expected from the position of 
the mixture on the phase diagram. 

(b) Above the CaO-Ti0.-Mg0-2TiO, 
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Spectrometer, Cu Ka,A = 1.5374A, 2 rpm scan. 


tie-line, CaO-:TiO:,, MgO0-2TiO, and 
TiO. were present in expected pro- 
portions. 

2. In the 10, 20, 30 and 40 mol pct 
Al,O3:TiO, layers of the System (See 
Fig 2, 3, 4 and 5). 

Melts of the mixtures falling within 
these four planes crystallized to give 
CaO-TiO:, MgO-TiO, and mixed crys- 
tals of Mg0O:2TiO, and Al,0O3°TiO>. 
X ray diffraction studies of mixtures 
of the series MgO-2Ti0.-Al,03:TiOs, 
which had been fused and crystallized, 
showed that the two compounds form a 
continuous series of mixed crystals. 
The interplanar spacings derived from 
X ray powder diffraction patterns of 
representative members of the series 
are shown in Table 1 and Fig 6. Similar 
studies of mixtures falling within the 
‘above four planes, showed shifted pat- 
terns for MgO-2TiO, or Al.0;3-TiO, 
depending upon the composition of the 
mixture. Uncombined Al,O; was never 
present in a melt of these mixtures. 


Conclusions 


(1) The melting points of the various 
mixtures investigated are presented in 
Fig 1, 2, 3, 4 and 5. Mixtures which 
were classified as ‘‘fluid’’ in the molten 
state are within the clear areas of each 
figure. Shaded areas show the compo- 
sitions which were classified as ‘‘vis- 
cous” in the molten state. 

(2) In the base plane CaO-TiO,- 
MgO-TiO.-TiO, a eutectic at 1360°C 
was established between CaO-TiO, and 


Mg0O:2TiO, at 40 mol pet CaO-TiO, 
and 60 mol pct MgO-2TiO». 

It was found, however, that melting 
points at about 1375°C were obtained 
with mixtures much higher in TiO, 
than this combination (for example, a 
mixture of 13.5 mol pct MgO-TiOs», 20 
mol pet CaO-TiO, and 65 mol pct 
TiO, had a melting point of 1375°C). 
This gave promise of the feasibility of 
working with fluid combinations much 
higher in TiO, than would be en- 
countered with CaO and MgO addi- 
tions sufficient to place the resultant 
mixture on the tie-line between CaO-- 
TiO, and MgO-2TiOs>. 

3. Al.O3°TiO, additions up to 30 mol 
pet did not adversely affect the melting 
temperatures of the mixtures, but a 
shift in the zone of fluidity toward the 
CaO:TiO, part of the system was 
evident. 

40 mol pet Al,0;-TiO, additions to 
the system caused a sharp decrease in 
the zone of fluid melts anda 50 mol pct 
Al.03‘TiO:2 addition gave only viscous 
melts. 
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Introduction 


The smelting of titaniferous ores for 
the past hundred years has not been 
successful because of thickening of the 
slags in the furnaces. The interest in 
the utilization of these iron bearing 
materials has been due to the extensive 
deposits which have been found in 
various parts of the world.! The litera- 
ture contains references? to the use of 
titaniferous ores in blast furnaces. 
None of these attempts has met with 
success due to the lack of sufficient 
information as to the cause of failures 
and to economic considerations. Evalu- 
ation of the published information, as 
to the probable cause of failure in 
various attempts, has indicated that 
the presence of lower valence titanium 
oxide and formation of titanium car- 
bide contributed to the failure. It was 
apparent that severe reducing condi- 
tions which are present in a blast 
furnace had been one of the factors for 
such failures. The previous smelting 
operations had as a primary objective 
the recovery of iron from these ores. 
Under these conditions the highest 
recovery of iron could only occur with 
severe reducing conditions. 
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Application of Melting 
Point Data 


The application of the melting point 
data, from the system CaO-MgO- 
Al,03-TiO: reported in another paper,® 
to the smelting of titaniferous ores 
required an extrapolation of these 
melting points due to the presence of 
other impurities from the ores. Like- 
wise, a study of the effect of varying 
FeO and reduced titanium content of 
the slag was necessary before the data 
could be fully applied. The melting 
point data under oxidizing conditions 
had clearly indicated that a fluid slag 
with a melting point in the temperature 
range of 1370°C could be obtained. The 
smelting of a titaniferous ore had as a 
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primary objective the production of a 
high titanium slag which was fluid 
and substantially free of iron and low 
in trivalent titanium. Since production 
of a high titanium slag was of primary 
importance, rather than the recovery 
of iron from these ores, the smelting 
concept could be altered to a marked 
degree. The ferrous oxide could be 
maintained at higher levels than is the 
normal practice in iron ores slags with- 
out being detrimental to the slags, 
although a loss in iron recovery 
resulted. 

During the reduction of the molten 
mixtures of ferrous iron and titanium, 
carbon acts as the reductant for chang- 
ing the valence of the titanium and 
iron. The reaction can go further than 
in the case of the reduction which 
occurs in iron-titanium solutions. The 
formation of metallic iron removes iron 
from the system, so that the titanium 
oxide can be reduced to trivalent and 
divalent titanium oxides and also form 
titanium carbide which removes the 
titanium from the slags as a soluble 
constituent. The problem, therefore, 
resolves itself into maintaining the 


‘proper amount of ferrous iron in the 


slag thereby avoiding the formation 
of appreciable amounts of trivalent 
titanium and no divalent titanium 
oxide or titanium carbide. The latter 
two have been found in the viscous 
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FIG 1—Maelting equilibria for system CaO-TiIO2-MgO-TiO.- 


TiOs. 


Clear area—Fluid zone 


Cross hatched area— Viscous zone 
Areas 1, 2, 3, 4—Normal slag zone 


slags which have been made from the 
titaniferous ores in blast furnace opera- 
tion. The avoidance of the formation of 
Ti,O3 was also an important considera- 
tion since it is known that this oxide 
is homologous with Al,O3. It would be 
expected that the formation of Ti.O; 
would cause a viscous condition in a 
slag since this would be equivalent to 
addition of Al,O3. Likewise, the pres- 
ence of reduced titanium in the slag 
was to be avoided since this was not 
desirable in the final solutions obtained 
from the digestion of the slag. 

Most titaniferous ores contain as 
normal impurities small amounts of 
Al,03, MgO, CaO and SiO». Since the 
four component system which had been 
studied did not include SiO», it was 
necessary in any preliminary calcula- 
tions to assume that the SiO. would 
function the same as TiO». This as- 
sumption was in slight error, but the 
characteristics of the slag produced 
were not appreciably affected. The 
titaniferous ores which were considered 
of primary importance in this study 
were the large ore bodies which are 
proven deposits in New York, Canada 
and Norway. Typical analyses of the 
ores used for the smelting are given 
in Table 1. The amount of Al.O; in 
these ores with reference to the TiO, 
content varies slightly. The analyses 
have been calculated to show the 
TiO;/CaO, TiO.,/MgO, and TiO,/ 
Al,0; ratios. These ratios are the basic 
minima that would be obtained in a 
slag if no flux were to be used. The 
same information is utilized in con- 
sidering the general composition that 
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FIG 2—Melting equilibria for system CaO-TiOo-MgO-- 


TiO.-TiO.-Al,O;*TiO2 (5 mol pet Al2O3*TiO2 layer) inter- 


polated from Fig 1 and 3. 
Clear area—Fluid zone 
Cross hatched area— Viscous zone 


Areas 6, 7, 8, 9—Normal slag zone 


Table 1... . Analysis of Titaniferous 


Ores 
MacIntyre Baie oe Epa 
menite . 
Baie St. Paul, 
aged N. Quebec, 
c 

TiO2 44.6 38.8 
FeO 36.7 28.3 
Fe203 8.2 19.7 
CaO 0.8 0.9 
MgO 2.6 3.8 
SiOz 4.0 3.5 
AlsO3 Siz 2-8 

V205 0.04 0.29 

Cr203 0.02 0.09 

0.24 0.67 

P205 0.045 0.04 
Ti02/CaO 55.7 43.0 
Ti02/MgO Geos 10.2 
TiO2/ALO3 13.9 13.8 


should be adopted from melting point 
data. The ratio of TiO;/A1.03 is the 
most critical in considering different 
ores with respect to general smelting 
and production of a fluid slag. This is 
particularly the case in ores which 
cannot be dressed to produce a low 
Al,O3 content. 

With this basic amount of TiO;/- 
Al,0; in the final slags established it is 
necessary Only to select the area in the 
four component system which will 
yield a low melting zone and in which 
the aluminum oxide in the final com- 
position would fit into this range of 
composition. This necessitated con- 
sidering the compositions that were 
in the 0, 5, 10 and 20 mol pct Al,0;:- 
TiO, plane. The compositions which 
fitted in this region are given in Table 2 
and Fig 1-4 and are for the region of 
the highest fluidity and lowest melting 
points. The data in Table 2 have the 
greatest bearing on the titaniferous 
ores which have been investigated. 


The weight percent is calculated so 
that all TiO. in excess is considered 
to be in solid solution with MgO-- 
2TiO>. The areas on the 5 and 10 mol 
pet Al,O;-TiO, plane are typical for 
most slags produced from ores. The 
areas were selected for varying the CaO 
and MgO additions because this was 
the lowest melting and most fluid zone. 
The slags from the ores would approach 
the 5 mol pct Al,0;-TiO» with respect to 
minimum TiO,/Al,0; and Ti0./MgO. 
The flux additions were calculated so 
that the final slag would have a general 
composition within these areas, after 
correcting for SiO, and FeO in the slag. 
The usual practice was to add the 
minimum amounts of flux. This prac- 
tice was followed since it was desirable 
to have as high a TiO», content in the 
slag as possible. 


Smelting Practice 


The investigation was primarily 
divided into two sections: first, the 
induction furnace work and second, 
the single phase arc furnace. Based 
upon the composition diagram which 
appeared to give the most fluid slags, 
a series of mixtures were prepared in 
which varying amounts of CaO and 
MgO were incorporated using petro- 
leum coke as a reducing agent. The 
use of petroleum coke was practiced 
in order to avoid any introduction of 
ash from other types of coke. 

The induction furnace utilized for 
this work was a standard Ajax 6KW 
high frequency induction furnace, 
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FIG 3—Melting equilibria for system CaO-TiO.-MgO-- 


TiO.-TiO.-Al,.O3-TiO2 (10 mol pct 


Clear area—Fluid zone 


Cross hatched area— Viscous zone 
Areas 11, 12, 13, 14—Normal slag zone 


using a standard 2 lb graphite crucible 
(3 in. od X 24% in. id X 314 in. inside 
height < 4 in. outside height). The 
‘period of time for a smelting test was 
varied in order to establish the change 
in ferrous oxide content of the slag and 
to observe the change in fluidity as 
the reduced titanium content increased. 
Normally the one pound batch re- 
quired about 30-35 min. to form a 
molten mixture and this was held in a 
fluid state for 10-20 min. before re- 
moving from the furnace. A holding 
time of 15 min. was found to be the 
time required to obtain the necessary 
reduction of the iron to the metal. The 
molten slag and metal were poured 
into a small metal mold and allowed 
to cool. The metal formed a solid but- 
ton which was readily separated from 
the slag above it. The various heats 
were analysed for TiO: and the total 
ferrous iron as well as carrying out 
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: M,OTO, 


90 


Al:O;:TiO» layer). 


metallographic, X ray and digestion 
tests. 


Results Obtained 


The results from a series of mixtures 


M,O70, 


FIG 4—Melting equilibria for system CaO-TiO.-MgO-- 
TiO2-TiOx-Al,O3:TiOz (20 mol pct Al,O3°TiO:z layer). 


Clear area—Fluid zone 
Cross hatched area— Viscous zone 
Areas 16, 17, 18, 19—Normal slag zone 


burden was varied over the range of 
composition which would give viscous 
and fluid slags based upon the melting 
point data observations. The observed 


~ fluidity was obtained in accordance 


which were smelted in order to study © 


the influence of composition upon 
fluidity of the slag are given in Table 3. 
The shift in mineral composition is 
directly related to the amount of 
trivalent titanium in ‘the slag.4 The 
formation of Ti(OC) also occurs when 
the slag is over-reduced. The fluidity 
of these slags was not noticeably af- 
fected by the high Ti*+ content. Longer 
holding in the furnace, however, did 
cause the slags to become viscous and 
even formed a sintered mass, which 
was predominantly Ti(OC). 

The change in viscosity in the slag 
is shown in the results given in Table 4 
in which the calcium content of the 


with predictions. The calculated slag 
composition agrees quite well with 
the observed values. 

The maximum and minimum 
amounts of CaO and MgO required to 
give suitable slags from various ores 
was then established. Since the melting 
point data and fluidity observations 
appeared to be valid, it was necessary 
only to delineate the general results 
for a given ore. These data are given 
in Table 5 for slags made from the 
three ores. The maximum amount of 
MgO that could be used with minimum 
CaO addition was not established since 
it was desirable to keep the MgO addi- 
tion at a minimum. The slags were 
fluid and furnace behavior was entirely 


Table 2... . Mineral and Chemical Composition of Low Melting and Fluid Zones 


Mol Pct Wt Pct Composition-Wt Pct 
= TiO2/MgO | TiO2/AleOs 
AloO3-TiO2 MgO-TiO2z | CaO'TiO2 TiO2 | AlsOz-TiOe | MgO-X TiO» CaO:‘TiO2 TiOz | CaO | MgO | AlsO3 

= 0 5 35 60 0 53 47 age yal ie LR 2.0 0 39.4 

2 0 33 35 32 0 58 42 O29 |) ETA 71,7 0 6.1 

3 0 43 15 42 0 81 19 75.8 7.9) 16.3 0 4.7 

4 0 25 15 60 0 79 21 81.3 875.) 10.2 0 8.0 

5 0 25 25 50 0 67 33 CAO NLS A 9.6 0 8.0 
6 i 14 29 52 8 45 Ae, EO} haha. Bie 4.8 14.4 15.6 
7 5 28 29 38 8 57 35 71.1 | 14.4] 10.0 4.5 Hall 15.8 
8 5 38 19 38 8 69 23 Waal 9.6.| 13.7 4.6 Sige Tod 
9 5 24 19 52 9 66 25 76.1} 10.0 9.1 4.8 8.4 15.9 
10 5 24 24 47 8 52 30 74.0 | 12.4 8.9 4.7 8.3 15.7 
11 10 9 31.5 49.5 16 46 38 71.8 | 15.8 3.2 9.2 22.4 7.8 
12 10 22.5 31.5 36 16 46 38 68.5 | 15.1 ee Set 8.9 7.9 
13 10 36 18 36 16 63 21 69.7| 88|12.6| 8.9 5.5 7.8 
14 10 225 18 49.5 17 61 22 Maes 9.2 8.2 9.3 8.9 7.9 
15 10 DIS 22.5 45 16 57 27 cal So ay Re WR 5 8.1 9.1 3.7 1a) 
20 8 28 Ad 30 38 32 OT. WP SLE [ede Til Vet 24.9 3.9 
- 20 20 28 32 30 39 31 64.6 |} 12.6 6.4] 16.4 10.1 3.9 
fs 20 28 20 32 30 48 22 65.0| 9.2| 9.2| 16.6 eat 3.9 
tS 20 16 20 44 31 46 23 67.8 9.5 5.4.) 273 12.6 3.9 
SS 20 16 24 40 30 43 rate 66.6 | 11.1 5.8 | A720 12.6 3.9 
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Table 3... . Influence of Fe®+ and Ti*+ on Slag Properties 


Burdens). cccceiatore siefersvelese 


Heat No 206-4 212-4 

Pies ee ee ee 
i epee ee on weer nee SAG ar itor (OU ote 58.7 63.2 
ree mt Rah 3 ee ane eA nit ah oor D Oe. Cmt rat Abs 9.2 8.3 
G by oul Bry ae ee Der OS PrP NEE merc irom cantor OOOO. 0 0.4 


ee ee eee 


E@CaOeBiOn icon cmerics tee 
(Fe,Mg)O:2TiO2...... 
KeO: TOs, tes es mace 


Mineral Composition—Pct 


aI OCT ClO. aerdo a6 Olt.one St 25 25 
Bee Oi ao Sit Lorre Gina Ehberenc 45 65 
Reape ech nenipe Meh ars elerals Gilets raise 20 0 
s attclees Geet elie sete ott tate Pedinnetlerin? wietesketiot ace 0 0 
OL SOS vost Sand OO se OF 10 10 
Rk, nal ier erehtoeee renakenatteia gears 0 0 


30 20 10 
60 40 30 
0 0 0 
0 5 5 
10 10 10 
0 25 45 


Boar der tracteresciere erersalcusietetes lator Sleter seria) «fecal Baie-St..Paul. 0. Sracicisiorcicveleloiancrscatee eens 100 
RD 250) ara wie 0 Sez centne, sie staal caeae Oe ale ke eee EE 3-7 
MgO iy 1S cil epee tae estas) Or eagh an lloras 1 
A ere reemrery c eaih cries a ere me 15 
1 
CGN ae cas herd trtarecaca eo ean an) aap gon eae eee 3 4 5 6 7 
Slag Analysis 
(8 | eee te Pee rs actatey cel ain CONC tigee 70.5 68.9 67.5 62.0 61.0 
1 UE Ree Ae in ots pies MRD doe bao Ces Orie ha 25 2.0 Zao. 5.0 4.6 
Observed Hluidityj- see ee ce er ee lees Cinder | Viscous | V. Fluid | V. Fluid | V. Fluid 
Pluidity; Expected yjaxtcsere oer ora ite erste eer Sinter | Viscous| Fluid Fluid Fluid 
Mineral Composition— Pct 
(CRG EANTO he 5-8 Shs see be tary Sie Orme ae Ogee tere ee 10 20 30 40 45 
(BoM g) Oren eomeorcttiee setae eo sca in ccqenens eo 80 70 60 50 45 
ASSIS rea ee eae ccd ees cae ah doe ay AK ayes Sbhode eae en oy els 10 10 10 10 10 
Calculated Chemical Composition—Pct 
TREE SS Coat “aes cg ere I pai ae RUE Re re erge PLN tr Re etc 70.3 69.0 7.8 65.0 63.9 
) DEERE DONA) San ee 2p A oR epriCT  RE em NORE A ORES, ony thar OR: 250 2.4 4.9 4.8 
(BENG J SFr Reet oo aR A Carel retin Seeds Beier arf 3 a Sarr (ial 8.7 0.3 11.6 12.7 
DY IPO AAS A Sat orate ee nae Cartons Sithir ches tem ies 3 Sint 8.5 8.4 8.0 7.9 
TAO) Soh Tene OTe MS SEO coos dao aloo rr 5.1 5.0 4.9 4.7 4.6 


satisfactory. This series indicated that 
within limits a slag could be prepared 
of desired composition with proper 
fluidity if within the area of fluidity as 
indicated by the melting point dia- 
grams. The absolute maximum amount 
of fluxes was not determined since the 
objective was to produce a_ high 
titanium slag. 


Are Furnace Smelting 


The induction furnace tests had 
shown that the formation of a fluid 
slag which had the necessary chemical, 
mineralogical and digestible charac- 
teristics could be accomplished. The 
application of the observations of the 
induction furnace to arc furnace prac- 
tice was the next step. A small arc 
furnace was utilized which was a modi- 
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fied Pittsburgh Lectromelt size ‘“X” 
single phase unit. The power supply 
was a 440 volt primary transformer 
with variable secondary taps. The 
taps used for this smelting work was 
78 volts with 60 pct reactance. The 
usual operation of the furnace was 
about 40 KVA utilizing a 114 in. 
electrode. The input to the furnace 
was controlled by manually raising 
and lowering the electrode. 

The furnace was lined with graphite 
blocks forming a hearth approximately 
80 sq in. and had a depth of about 
9 in. The furnace was covered and an 
opening for charging the furnace was 
allowed through the top. The slag and 
metal were removed from the furnace 
through a tap hole in the bottom. 

Since the ores of primary interest 
were the Canadian ore from Baie St. 
Paul and the MacIntyre ilmenite con- 


Table 5... Fluid Slags from Var- 
ious Ores—Maximum and Mini- 


mum Flux Addition 


Ore MacIntyre | Baie St. Paul 
Burden 
Oresue sion 100 106 100 100 
6 4 7 
M 0 3 
15 15 
TiO : i : 67.4) 59.2 
4.2 5.5 
ee ee ee red aE Pe oe) oe SS 


Mineral Composition—Pct 


———————— eee ee eee eee 


CaO-TiOz......... ~ 20 50 25 40 
(FeMg)0-2-TiO2..| 70 40 65 50 
Glaser 5.2 ojere.cisccie 10 10 10 10 


a 


Calculated Chemical Composition—Pct 


ae 
e 
a 


8.6| 62.8] 69.0] 61.8 
Pett cress 4.6] 3.9] 4.3] 4.6 
Cage ee ere 10.2) 12:4] 8.7] 12:3 
MizOse Gs ies ah 5.5, 10.7} 6.8] 10.8 
MU Oaee, jcc 4.8} 4.5] 5.0) 4.5 
Sia; Gomes ca are 6.1] 5.6] 6.2) 5.6 
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FIG 5—Progressive reduction of Baie St. Paul ore during 


centrate the arc smelting was limited 
to these two materials. The burdens 
selected for the tests were those which 
had shown the best properties from 
induction furnace tests and were as 
follows: 


Baie 
Se; adhe) Macintyre: 
Pounds vances 
Onerr rc eu stele cihutate 50 50 
Patcojesim coke....... (ae) 7.5 
Limestone............ 3.4 4.3 
Dolomite............ 2.4 2.4 


The flux addition is equivalent to 5.0 
parts of CaO and 1 part of MgO added 
to the burden for Baie St. Paul and 
6.0 parts CaO and 1 part MgO for 
MacIntyre. 

It was a regular practice to heat the 
furnace first by arcing the electrodes 
on a carbon block for about 14 hr prior 
to adding the charge. Approximately 
14 of the charge was dumped into the 
furnace after removing the carbon block 
and melted down. The balance of the 
charge was added gradually as the 
melting proceeded. The total time 
required for charging varied from 
20-30 min. In order to establish the 
_ time required to obtain the necessary 
reduction, samples of slags were taken 
at various intervals for analyses. The 
total smelting time varied from 2-3 hr, 
~ depending upon the general operating 


procedure. The temperature of the slag - 


as it flowed from the furnace, observed 
with an optical pyrometer, was nor- 
mally about 1500°C. The slag was 
tapped into a ladle in which iron settled 
out in the bottom and the slag formed 
as a separate layer on top. The slags 
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smelting in arc furnace. 


which had proven most satisfactory in 
the induction furnace could be dupli- 
cated on a larger scale in the arc 
furnace. 

The progressive reduction of the 
charge in several tests madé from Baie 
St. Paul ilmenite is given in Fig 5. 
The reproducibility of the smelting 
was fairly consistent when the power 
input was maintained very carefully. 

Observation of the mechanics of the 
reduction definitely indicated that the 
slag and carbon were reacting. The 
reduction was found to be affected by 
type of carbon used. Coke, because of 
its high surface area, was better suited 
for a reductant than anthracite. As a 
result of the high secondary voltage 
delivered by the transformer, the elec- 
trodes could not be maintained in the 
slag during the final period of reduc- 
tion. The change in resistivity of the 
slag was quite apparent and appeared 
to be a function of the ferrous iron 
content. 


Summary 


1. The adaptation of melting point 
data to slag formation is shown. 

2. Ilmenites having 38-44 pct TiO» 
were smelted in laboratory to produce 
fluid slags with 65-69 pct TiO:. 


3. A high titanium slag can be pro- 


duced in which the formation of ap- 
preciable amounts of Ti*+ may be 
avoided. 

4. The final slag with 62-69 pct 
TiO, requires 5-11 pct MgO and 9-13 
pet CaO in order to have desired 
fluidity from MacIntyre and Baie St. 


Paul ilmenites. 

5. High titanium slags can be pro- 
duced in an arc furnace with slag 
temperatures of 1450-1550°C which 
were identical in behavior and proper- 
ties to the induction furnace slags. 
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Introduction 


Extensive studies have been carried 
out on electric furnace and blast fur- 
nace slags obtained in the winning of 
iron from its ores. These slags nor- 
mally consist of elements of the gangue 
minerals present in the ores, as well 
as the added flux materials. In conse- 
quence, melts of CaO, MgO, Al,O; and 
SiO, can be considered as representing 
typical slag compositions. When a slag 
of this composition cools, it usually 
crystallizes according to predictions 
possible from an equilibrium diagram 
of these constituents, providing the 
melt is not undercooled to form glass. 
The melt is either viscous or fluid, 
depending upon the ratio of binary 
cations to silica, and crystallizes easily 
or forms a glass for the same reasons. 
If the melt is not overheated so that 
carbides of the metal components of 
the slag are formed and if the com- 
position of the slag is so adjusted 
that it has a high fluidity, liquid 
equilibrium is attained and the slag 
can be held in a liquid state for ex- 
tended periods of time. Upon tapping, 
the slag crystallizes into minerals, the 
type and proportion of which are de- 
termined by the melt composition. 
Since equilibrium is attained, the hold- 
ing period is not critical. 

In melts containing a large increment 
of titanium, however, the normal slag 
procedures are not applicable. Ti- 
tanium, as one of the atomic transition 


elements, is, at elevated temperatures, ~ 


capable of being reduced to form metal- 
loid compounds much more readily 
than the refractory oxides present in 
normal slags. In consequence, an oxide 
melt containing titanium never reaches 
equilibrium in a reducing environment, 
but continues to shift its composition 
until cooled. If melts of this nature are 
cooled and samples submitted to metal- 
lographic and X ray analysis the course 
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of reaction and crystallization in this 
type of slag can be determined. 


Preparation of Slag 


The slags investigated fell into the 
system CaO-MgO-TiO,-Al,03-SiO, and 
were produced from ilmenite ores re- 
duced by carbon in an electric furnace. 
Since the equilibrium series! and the 
laboratory smelting of ilmenite? are 
described in two of the accompanying 
papers, detailed description of the 
smelting procedure is not required here. 
However, certain essentials must be 
mentioned. 

Two types of melts were used to pro- 
duce slags studied in this investigation. 
The first series of smelts made to de- 
termine proper flux addition were pro- 
duced in a 4 lb Ajax induction furnace. 
The charge, consisting of ore with the 
proper flux addition, was heated in a 
graphite crucible until fluid, held fluid 
for a sufficient time period to obtain 
1-5 pet FeO content, and poured. Be- 
cause of the small size of the charge 
only the final sample of these melts 
could be examined. In the melts made 
in the 50 lb arc furnace, however, grab 
samples taken at 10 min. intervals 
between time of initial melting and 
final pouring were available for exami- 
nation. These samples allowed a much 
clearer picture of the course of reaction 
and crystallization. 


Sample Preparation 


Any material containing appreciable 
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amounts of ferrous oxide and reduced 
titanium compounds is opaque to trans- 
mitted light. Therefore, all petro- 
graphic studies had to be made on 
polished slag sections. A representa- 
tive sample of slag was cut or broken, 
mounted in a thermosetting plastic, 
ground flat using 400 grit silicon car- 
bide, the coarse scratches removed 
with 600 grit silicon carbide and pol- 
ished on billiard cloth using levigated 
alumina. Rouge was avoided because 
of the entrainment of the red particles 
in pores in the slag, causing a possible 
confusion with some of the mineral 
phases. In order to prevent sample 
projection above the plastic surface red 
bakelite was used to hold the sample, 
and backed up with clear lucite. In this 
manner sample labels could be _ per- 
manently retained in the mounting. 
The polished samples were examined on 
a Bausch and Lomb metallograph at 
magnifications of 250, 500, 1000 
and 1800. The instrument was 
equipped for examination of specimens 
under bright field illumination and 
with crossed nicols. A magenta tint 
plate to aid in color tone differentiation 
was also used. 


Petrology of Slags 


In order to determine the composi- 
tion and mineral relatinos of a previ- 
ously unreported system petrologically, 
it is essential that the starting com- 
position, reaction temperature and 
final composition be known. The 
chemical composition of the ilmenite 
ore used in these smelts is given in 
Table 1, and the complete analysis of 


_ a typical high titanium, low iron slag 


is given in Table 2. 

In the winning of TiO, from ilmenite 
by a smelting process it is necessary to 
produce a slag which will melt at an 
economically feasible temperature, re- 
main molten as the iron is removed by 
reduction, be fluid enough to be readily 
removed from the furnace, contain a 
high percentage of TiO, and a low 
percentage of reduced titanium com- 
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1000°C, by a solid state reaction, leav- 
ing a composition that appears to be 
FeO-2Ti0,. At 1150°C, and when the 
M amount of FeO-2TiO, reaches 70 pct 
an apparent eutectic occurs in the sys- 
tem FeO-TiO.-FeO-2TiO, and the 
charge becomes pasty.* 
If reduction continues, the charge 


I remains pasty until the tempera- 
ture reaches 1450°C. Here a proba- 
G ble equilibrium between FeO-TiOs, 


(Fe,Mg)0-2TiO, and calcium magne- 
sium silicate makes the melt fluid.-If 
frozen at this point, the slag consists 
of ilmenite, FeO-2TiO, (probably with 
é some magnesium replacing the iron), 
minor amounts of CaTiQO; and a glass. 
The FeO content of such a slag is 11-14 
pet. If reduced further the last skeletal 
crystals of ilmenite disappear at 7-8 
§ pet FeO and the slag consists of a 
(Fe,Mg)0-2TiO, structure and CaTiO; 
(near the 60-40 eutectic proportion) 


ay Ve. cat Gi XY eAy ¢ * Grieve and White? indicate two eutectics 
: 5 5 pee ony cee and Hino in ine 
. thermal equilibrium diagram FeO-TiOz. How- 
: FIG 1—Micrograph of slag sample No. 1. X 500. ever, they mention an undetermined amount of 
Slightly reduced in reproduction. The slag at this early stage of reduction contains Fe2O; in their system. We have found that if 
16.2 pet FeO and 58.8 pct TiO2. The presence of this amount of ilmenite indicates that re- conditions are sufficiently oxidizing to transform 
duction of the slag has not progressed to the desired final composition. Mineralogical FeO to Fe3z0, the compound FeO 2TiO2 does 
composition is as follows: not form, being replaced by ilmenite or pseudo- 
I—20 pct ilmenite brookite and rutile. If the compound FeO-2TiO2 
C—10-20 pct CaO-TiO2 (with minor amounts of magnesium in solid 
M—50-60 pct (Fe, Mg)O-2 TiO2 solution) is heated to 500°C in air it dissociates 
G—10 pct silicate glass to pseudobrookite and anatase. This indicates 

S—Small amount Fe, FeS, etc. that the (Fe, Mg)O-2TiO: structure is stable onl 


— when deficient in oxygen. Z 


Table 1... Chemical Composition 
of Baie St. Paul Ilmenite 


(Weight, Pct) 


ais 
6 
.6 
30, 
.6 
-4 
4 
.3 

1 
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Table 2... Chemical Composition 
of Typical High TiO2—Low FeO 
Slag (Weight, Pct) 


me bo 


i) 


pounds, and be amenable to digestion 

- in sulphuric acid. In light of the melting 
data obtained in the accompanying 
paper on slag equilibria it is apparent 
that at least part of these requirements 
was fulfilled by the additions of lime 
and magnesia fluxes to ilmenite. 


ee a 


FIG 2—Micrograph of slag sample No. 2. X 500. Prime 
i di oduction. The slag at this stage of reduction contains 13.3 pct FeO an 

Poe. ehty on Himenita still. remains in sufficient quantity as acicular particles to indicate the 

Course of Reduction reduction has not progressed to the optimum composition. The mineralogical componos is as 


se I—10-15 pct ilmenite 
M5060 pet (Fe, Mg)0-2Ti0 
4 i i i i M—50-60 pct (Fe, Mg)O-2Ti102 
As ilmenite is heated with carbon, 50-60 pet (Fe, Mg 
the iron begins to reduce to metal at Sees Nene cat oF Rel Bea) ote: 
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and glass. (Fe,Mg)0-2TiO, is the pri- 
mary phase, CaTiO; the secondary 
phase and finally, an interstitial glass, 
which may on slow cooling partially 
devitrify to poorly crystallized silicates. 
As reduction proceeds, the mineralogi- 
cal relationship of the constituents 
remains essentially the same except 
that iron is isomorphously replaced 
by magnesium in the compound 
(Fe,Mg)0-2TiO»s. However, as the iron 
content of the slag system falls below 
3 pct the titanium begins to reduce. If 
frozen here the slag is still amenable to 
processing, but the compound is desig- 
nated as MgTi;Q,. As the loss of oxy- 
gen from the system continues the 
MgO-2TiO, type structure is no longer 
stable and shifts to a structure desig- 
nated as MgTi.O,;. When this occurs, 
the melt becomes more refractory and 
hence less fluid and is no longer 
amenable to standard sulphuric acid 
digestion procedure. The slag is then 
called ‘‘over-reduced.”’ If reduction is 
allowed to continue Ji(O,C) and 
finally TiC, are formed and the melt oe 

ee ter a8 ean pe ceverm pie FIG 4—Micrograph of slag sample No. 4. X 500. 
the amount and composition of the At this stage of reduction the slag contains 4.9 pet FeO and 67.8 pct TiOz. The presence of the 


i i ttc MgTi30s phase indicates slight over-reduction of the (Fe, Mg)O-2Ti02 phase which apparently is 
CaTiO; LeRolBs Constant, a from its not detrimental to optimum digestion of the slag. Mineralogical composition is as follows: 
first crystallization in eutectic propor- 


; C—20-30 pet CaO-TiO2 

tions, throughout the course of reduc- M—60 pet (Fe, Mg)O-2TiO2 

5 pct MgTizOc (not evident at X 500) 
G—10 pct silicate glass 

S—Small amount Fe, FeS, etc. 


tion. The series of micrographs shown 
in Fig 1 through 5 illustrates the 
course of reduction but does not in all 
cases indicate the proportions of phases 
present in the melts. The representa- 
tive phase proportions were determined 
from a large number of samples. 


Mineral Phases 


The isomorphous series FeO-2TiO.- 
MgO-2TiO; is by far the most interest- 
ing mineral phase in this type of slag. 
It not only is the primary crystalliza- 
tion phase in the slags, but incorporates 
the greatest amount of titanium in the 
system. The shift from FeO:2TiO, to 
(Fe,Mg)0-2TiO, is continuous and oc- 
curs as iron is removed from the sys- 
tem. This composition shift is difficult 
to detect. It is distinguished micro- 
scopically only by a change in color of 
the laths from dark gray to light gray 
as the amount of iron is decreased. 


FIG 3—Micrograph of slag sample No. 3. X 500. X ray powder patterns of FeO-2TiO, 


The slag now contains 8.7 pct FeO and 63.8 pct TiO». It has now be duced almost t i and (Fe,Mg)0-2TiO, ar 
composition since ilmenite remains only as small crystals surroavding t he (Fe. Mg)0-2Ti rea ( r) g) 2 e€ apparently 


Se 


no over-reduction of the dititanate phase is evident. The mineralogical composition is as follows: identical. 
I—5 pct ilmenite ; * sae 
C2830 pet Ca0-Ti0. Stieay reducing conditions MgO-- 
= pct (Fe, O-2TiO i 
G-=10: pet alieate aia IN 1102 is not stable and always con- 
S—Small amount Fe, FeS, etc. taims vacant titanium equipoints. As 
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mentioned above, the formula MgTi,0, 
is assumed and is used to indicate this. 
The structure and habits of this com- 
pound are identical with Mg0-2TiO, 
and are not distinguishable by X ray 
powder patterns. Under reflected light 
the color is a very light gray with a 
pink tone. 

The next reduction stage, however, 
is readily distinguished under the mi- 
croscope. It is a dark red to purple in 
reflected light and assumes a quadratic 
habit. Although the structure has not 
been completely delineated it is appar- 
ently cubic and has been assigned the 
probable formula MgTi,.0:. 

The flexibility of the structure which 
is called ‘““MgO-2TiO, type” is indi- 
cated by its ability to lose iron, gain 
magnesium and lose oxygen, and still 
preserve its identity. 

There are indications that it is capa- 
ble of far more flexibility. It was shown 
early in the investigation that the 
amount of TiO, determined chemically 
to exist in these slags was not accounted 
for by the (Fe,Mg)0-2TiO, and CaTiO; 
present. In consequence a series of 
synthetic slags was prepared under 
both reducing and oxidizing conditions 
in which the proportions MgO to 
TiO. were varied. 

Under oxidizing conditions, no suc- 
cess has been obtained in attempts to 
form magnesium titanates higher in 
TiO, than MgO-2TiO>. All attempts to 
form MgO-3TiO, have given MgO-- 
2TiO, and rutile. 

Under strongly reducing conditions, 
however, it has been found that the 
(Fe,Mg)0-2TiO2 structure will take 
TiO, into solid solution up to explored 
limits of the order of 12 mol of TiO, 
per mol of (Fe,Mg)O, without a break- 
down in structure. The solid solution 
compound with TiO, values of this 
order has been produced readily during 
smelting of low gangue ilmenite ores 
and also from mixtures of Fe,03, MgO 
and TiO,. X ray examination of the 
compound shows a shift in the struc- 
ture to larger interplanar spacings (for 
example, (Fe, Mg)0-12Ti0, showed a 
strong line at 1. 894A i in contrast to the 
typical line at 1. 876A in MgO-2TiO, 
and (Fe,Mg)0-2TiO,). 

Oxidation of the (Fe,Mg)0-:2TiO.- 
(Fe,Mg)0-12TiO: series in air at 500°C 
for several hours causes a breakdown 
in the structure to the compounds 
which are stable under oxidizing condi- 
tions. These compounds are Fe,0;, 
TiO., Mg0O-2Ti0O., MgO- TiO2 and 
TiO». At 500-800°C the TiO, is present 
as anatase. At temperatures higher 
than 800°C, the TiO, which is crys- 
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FIG 5—Micrograph of slag sample No. 5. X 500. 

At this stage of reduction the slag contains 1.0 pct FeO and 70.7 pet TiO2. The presence of the MgTi204 
stage indicates serious over-reduction of the (Fe, Mg)O-2TiO:2 phase and this phase is detrimental to 
optimum digestion. Mineralogical composition is as follows: 

C—20 pet CaO-TiOe 

M—20-30 pct (Fe, Mg)O-2TiO2z 
M-R—30-40 pct MgTi204 
G—15 pct silicate glass 
S—Small amount Fe, FeS, etc. 


tallized from the (Fe,Mg)0-2TiO, 
structure exists as rutile. 

The fact that TiO, cannot be re- 
tained in the structure under oxidizing 
conditions indicates that the solid 
solution of TiO, in the dititanate struc- 


Table 3. 


ture is possible under reducing condi- 
tions because of an oxygen deficient 
lattice in the dititanate. Data on the 
degree of oxygen deficiencies in the 
lattice have not been completely 
determined. 


Patterns of Titanates. Spectrometer, Cu, Ke, \ = 1.5374A, 


2 Rpm Scan. No Corrections Applied 


(Fe,Mg)0-2TiO2 


50 Mol Pet (Fe-Mg)0-2TiO2 Rtn CERTS 
MgO-2TiO: or Mg0-2T102 ALO:Ti02 + 20 Pet AlzOs (Empirical 
z AL 50 Mol Pct eyes (by wt.) with 
(Fe'Mg)0-2TiOs Al.O3-TiO2 (oxidizing TiO2 in Solid Formula 
(oxidizing conditions) Soln. (reducing (FeM OT? 
conditions) conditions) Be 
Giwks OO I/Ti | dim Wl Tle NdeI. | e/a Ay T/T. a Oi 
5.0 0.12 | 4.83. | 0.38 | 4.71 | 0.47 4. 86 0.4 4.97 | 0.23w 
4.9 0.12 
3.51 1,00. } 3.43. \o 1560 3.35. _| 1.00 3.44 1.00 | 3.54 | 1.00 
2.86 0.09 
2.75 0.6 2.71 | 0.8 2.65 | 0.7 2.71 0.9 2.76 | 0.6 
2.45 0.2 2.43 0.2 2.47 | 0.23 
2.42 0.15 | 2.40 | 0.200 | 2.36 | 0.20 2.37 0.15 | 2.43 | 0.19 
2/22 0.15 | 2.18 | 0.22 2:14 | 0.31 2.20 0.2 2.24 | 0.22 
2.19 0.2 2.16 | 0.20 2:11 | 0.30 2.17 0.2 2.21 | 0.15 
1.967 | 0.3 1.939 | 0.34 | 1.897 | 0.52 1.951 | 0.247 | 1.981. Os 
1.876 | 0.6 1.829 | 0.43w | 1.792 | 0.44 1.854| 0.35 | 1,894] 0.75 
1.846 | 0.15 Lisson eanOnd 1.857 | 0.15 
1.754 | 0.15 | 1.723 | 0,14” | 1.687| 0.28 Lis 0.1m | 1.763 | 0,45 
1,665: | 0.15 | -1645 | 0.11 1.606 | 0.27 1.648 | 0.1 1.67 | 0.10w 
1.634 | 0.2 1.632 | 0.11 1.578 | 0.28 1.621] 0.2 1.65 | 0.15w 
1,606 | 0.16 1.55 | 0.08 | 1.598] 0.1 
1:551._| 0.3 1.519 | 0.06 1.559 | 0.32 
iesasenlevose 1.515 | 0.29 | 1.484] 0.36 meSs0necONs 1.542 | 0.10 
1.424 | 0.09 | 1.400] 0.09 | 1.449] 0.08 1.413 | 0.1 1.43. | 0.10w 
1.378 | 0.08 | 1.352] 0.1lw | 1.371 | 0.14 1.364] 0.1 1.37 | 0.10w 
1.358 «|. 0.15 1:32, | 0.09w | 1.350 0.2 
1.318 | 0.08 1.305 | 0.1 
1.265 | 0.10 1.266 | 0.11 1,251] 0.1 1.268 | 0.08 
1.245 | 0.10 1.253 | 0.11 1.251 | 0.07 
1.219 | 0.09 


w — after relative intensity means wide line or lines, 
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Table 4. 


with CaO and MgO 
eS EIR SSSI AS hv che alah a 


. Properties in Reflected Light of Phases Present in High Titanium Slags Made by Fluxing linenite 


Bright Light with Blue Filter Screen Crossed Nicols Sensitive Tint Plate 
Phase 
Color: Habit Color Habit Color Habit 
CaO TiO soi. hee Light gray| Dendritic a i irefri i iti ) i i iti 
? ! ggregates or in-| Very bright! Birefringent in all positio Highl - | Blue in ¢ 
to white dividual blocky crystals. white to] of aiaeel ae seein Se ons ch eaee 
FeO-TiO2 Light gray Occurs as laths in glass o teas Exti lel h pre I 
ID tetra Sete eevee: i SS Or as ack to xtinct parallel to ori- | Pink to ink 1 : i 
(IImenite) to pale rims around (Fe,Mg)O-- dark gray zontal oon hair. blue eros en geist 
brown 2TiO2 Gray peearel to vertical Pine parallel to vertical cross 
¢ cross hair. air. 
(Fe,Mg)O-2TiO2g......... Light to Well defined laths Dark gray | Extinct parallel to vertical | Pink to Pink parallel to vertical 
dark gray to black cross hair. lue cross hair. 
Gray penile to horizontal Blue parallel to horizontal 
"4 cross hair. cross hair. 
11 FPA ROE a eS ea Gray black | Well defined laths Black to Extinct parallel to vertical | Pink to Pink parallel to vertical cross 
to light light cross hair. blue air. 
brown brown Light es Reatel to hori- Blue parallel to horizontal 
. : ; zontal cross hair hair. 
MgB Oui sess cis nits Brownish Quadratic crystals Black to Extinct in 90° positions. Bee, 
red Ae c brown Brown in 45° positions. 
Gilasse sanateh . wisnaco pts Dark gray | Fills interstices of crystals. | Black Black in all positions of 
stage. 


Under oxidizing conditions there is 
a continuous solid solution series 
Al,03-TiO.-MgO.2TiO, as discussed in 
the accompanying melting equilibria 

_paper. Under reducing conditions Al,0O; 
is taken into solid solution in the 
(Fe,Mg)0-2TiO, structure up to ap- 
proximately 20 pct by weight, without 
the formation of Al,03:TiO.. This solid 
solution compound shows a considera- 

- ble shift in the structure to smaller in- 
terplanar spacing (for example, the 
shift is from 1.876A for normal 
MgO-2TiO, or (Fe,Mg)0-2TiO, to 
1.854A for (Fe,Mg)0-2TiO2 with 20 pct 
Al,O; (by weight) present in solid solu- 
tion. Fig 6 shows X ray powder pattern 
comparisons of the effects of solid 
solution of TiO, and Al.O; on the 
(Fe,Mg)0-2TiO. structure. Additions 
of over 20 pct Al,O3; gave the above 
solid solution compound and AI,0;-- 
TiO». The line position for Al,O3-’TiO; 

in this region of the X ray pattern is 
1.792A. Table 3 shows the d/n values 
for these compounds. 

No change in the structure of the 
compound from the normal (Fe,Mg)0-- 
2TiO, is discernible under the metal- 
ographic microscope when TiO: or 


Al,O3 are present in solid solution even 
at the higher values of these oxides. 

CaTiO; apparently always crystal- 
lizes as the secondary phase in the 
range of composition used in slag for- 
mation. These crystals are cubic in 
crystallization, quadratic in habit and 
usually the only colorless constituent 
of the slag. In slag samples which were 
quickly frozen the CaTiO; occurs as 
skeletal outlines in the glass. In slowly 
cooled slags the large cubic crystals are 
fully developed. No evidence of struc- 
tural shift or solid solution in CaTiO; 
was observed at any reduction stage 
by either X-ray diffraction patterns or 
petrographic character. 

The role of the silicate glass in these 
melts is rather ambiguous. It appar- 
ently helps fluidization of the melt 
by incorporating at least part of the 
alumina to form a probable FeO-CaO- 
Al.0;-SiO, melt. The index of refrac- 
tion of the glass preserved in the 
quickly frozen slags is +1.55. The sili- 
cates which are observed in the slowly 
cooled slags are so poorly crystallized 
that their identity could not be 
determined. 

Table 4 is a compilation of the opti- 


cal properties in reflected light of the 
phases which occur in titanium bear- 
ing slags when fluxed with lime and 
magnesia. 
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Notes on the Electrolytic Isolation of Carbides in Steel 


On account of the possibility of 
isolating carbides in steel it is generally 
assumed that the electrode potential 
of iron carbide is more noble than that 
of ferrite.1.234> Differences from 0.032 
V: to 0.4 V* have been recorded. 
However, it is important to realize 
that the more noble behavior of 
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an issue of thermodynamics but of 
reaction kinetics. Theoretically, ce- 
mentite is Jess noble than ferrite, which 
is a direct consequence of its thermo- 
dynamic instability. With the value 
AF°.93 = +4700 cal per mol for the 
free energy of formation of cementite® 
it is easily calculated that the electrode 
. 919 
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potential of the reaction Fe;C = 
3Fe?+ + C + 6e-, found to be the 
relevant one, particularly in neutral 
solution,® is —0.47 V (cf. e°re = 0.44 
V). There are great hindrances to this 
reaction, however, implying a slow 
reactivity, which has to be termed high 
chemical polarization in this case. 
Hence, the electrolytic isolation of iron 
carbide is nof a parallel to the retention 
of noble metals as an anode slime in 
electrolytic refining. 

It is evident, furthermore, that the 
reaction referred to cannot be even 
chemically reversible, the less so 
thermodynamically. An equilibrium 
corresponding to the computed figure 
will never be reached. On measurement 
more noble and varying values will be 
obtained. These static potentials are of 
minor interest. It would be more 
valuable to determine the actual dis- 
solution potentials during electrolysis 
and then select those conditions for 
separation, under which the difference 
between the dissolution potentials of 
cementite and ferrite is the greatest. 

Structure is the most important 
factor influencing the isolation. If the 


carbide is present as large spheroid . 


particles it is fairly insensible to vary- 
ing conditions of electrolysis. If the 
structure is unfavorable (lamellar pear- 
lite, cementite network) the operating 
conditions become important. Current 
density has to be kept fairly high in 
order to bring down the time of elec- 
trolysis. Elevation of temperature 
greatly diminishes the chemical polar- 
ization of iron but the same applies to 
cementite. Chemical attack by the 
electrolyte also increases strongly with 
rising temperature. The latter has to 
be kept low, therefore, and the anodic 
polarization of iron has to be reduced 
by other means, such as presence of 
chloride ions stirring, frequent removal 
of carbide and possibly superimposed 
alternating current.’ 

The most effective stirring is rota- 
tion of the anode, preferably cylindri- 
cal, but this is usually not enough to 
remove the carbide particles. The 
specimen has to be scraped or at least 
knocked now and then. A brush in 
contact with the rotating specimen 
often gives poorer results, presumably 
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due to disaggregation of carbide, in- 
creasing its reactivity. If hydrochloric 
acid is employed as electrolyte, evolu- 
tion of hydrogen occurs even at the 
anode and aids in loosening the carbide. 
In this case the carbide ought to be 
better protected on the anode than 
out in the solution to begin with. In 
no case, however, must the carbide 
remain on the anode to form a thick 
layer since that causes the current 
density and anodic polarization to be 
greatly increased and then the carbide 
also will begin to dissolve. 

Regarding the electrolyte there is a 
wide-spread erroneous theory for the 
choice of anion. Treje and Benedicks?:'° 
used sodium citrate as an electrolyte 
for isolation of both slag inclusions 
and carbide. With this electrolyte 
alone they expected to get oxygen 
evolution at the anode. They therefore 
wanted to add another anion that 
might be discharged instead of oxygen. 
They considered the electrode poten- 
tials SO, 1.90, Cl 1.34, O 1.33, Br 
0.99 and I 0.52 V and concluded from 
them that sulphates and chlorides 
could not be used as they would not 
exclude oxygen evolution. The only 
rational anions would be Br and I 
which are discharged more easily than 
oxygen. 

As far as the author has been able to 
find there have been no objections to 
this theory but it has been widely 
spread in the literature*1!:!2.13.14 and 
has exerted a great influence. Electro- 
lytes containing bromides and iodides 
have been employed in a great many 
investigations, particularly by German 
workers. 

In reality, however, the quoted anion 
potentials have nothing to do with 
the dissolution of iron. The electrode 
potential of significance is that of iron 
itself, —0.44 V. Discharge of hydroxyl 
ions or other anions will occur only at 
very high current densities if the iron 
salts formed at the anode are not re- 
moved quickly enough or if the anode 
becomes passivated. Chloride ions are 
a very good means for counteracting 
passivity and a chloride, such as hydro- 
chloric acid or ammonium chloride, is 
therefore a very suitable electrolyte. 
There are no valid reasons for using 


bromides or iodides. Furthermore, 
iodide solutions are easily decomposed 
under the formation of iodine which 
attacks the carbide. 

To support their theory, Treje and 
Benedicks? carried out some potential 
measurements. In a FeBr.-solution at 
2-4 A/dm? they normally found anode 
potentials as high as 0.70-0.79 V, that 
is, somewhere between the electrode 
potentials of iodine and bromine. 
However, these values are erroneously 
calculated, since the authors failed to 
see that the anode potential was nega- 
tive in relation to the calomel electrode 
and hence added 0.286 to the positive 
value of the bridge reading instead of 
to its negative value. Recalculated, the 
true values are —0.22 to —0.13 V. 
Similar results were obtained in a con- 
trol measurement by the author. In 
German literature!®1° there is a pre- 
cept that the anode potential should be 
kept below +0.50 V in order to exclude 
oxygen evolution. Presumably, this 
high limit originates from the erroneous 
figures referred to. As shown above, 
the anode potential need not and 
should not be higher than —0.3 to 
—0.2 V. 
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Introduction 


Recent investigations!.2:3,4 have con- 
clusively shown that the strain hard- 
ened state of metals depends upon the 
temperature and strain rate of pre- 
~ straining as well as on the total plastic 

strain. A typical example of the effect 
of temperature of prestraining on the 
work hardening of metals is repro- 
duced in Fig 1. When pure aluminum 
is strained at liquid nitrogen tempera- 
ture the upper solid stress-strain curve 
(OFGH) is obtained. But when pure 
aluminum is prestrained to €, = 0.153 
at atmospheric temperature and the 
test is then completed at liquid nitro- 
gen temperature, the curve OBCD re- 
sults. Thus a prestrain €, = 0.153 at 
atmospheric temperature gives a flow 
stress C when continued at liquid 
nitrogen temperature, whereas a higher 
flow stress G results when the specimen 
is strained exclusively at liquid nitro- 
gen temperature to the same strain €>. 
Consequently the metal strain hardens 
more rapidly at the lower temperature. 
Obviously the strain alone is not a 
measure of the strain hardened state 
“in metals. 
_-Inspection of Fig 1 reveals that the 
flow stress at C is identical with that at 
F. This fact suggests that a strain 
€. = 0.153 at atmospheric temperature 
induces the same work hardened state 
as a strain €, = 0.058 at liquid nitro- 
gen temperature. But this concept of 
equivalent strains is also in error. If 
curve CD is shifted to the left so that 
point C falls on F, point D becomes D’. 
Inspection of the curves reveals that 
the rate of increase of stress with strain 
at C is greater than the rate of increase 
of stress with strain at F even though 
the flow stresses are identical. Conse- 
quently C and F do not represent 
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FIG 1—Effect of temperature of straining on the strain hardening of pure aluminum (99.987 


pct). 


identical work hardened states. It 
therefore becomes important to ascer- 
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tain how the strain hardened states at 
C and F might differ from each other. 

In a more recent report‘ it was shown 
that straining at higher rates of strain 
increases the amount of strain harden- 
ing in a manner quite analogous to 
straining at lower temperatures. These 
observations suggested that the flow 
stress is not only a function of the 
strain but also a function of the strain 
rate-temperature history of straining, 
perhaps in accord with the Zener- 


AH 
Hollomon parameter p = ee pp (where 
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TRUE STRESS 


AH 
e = base, natural logarithm, and RT 


is an exponent of e). If then a specimen 
is strained €; at p; and €, at p» etc., the 
flow stress might be given by 


o =o (€1, p13 €2, p23... ) 

Such concepts have practical utility 
for correlation and analyses of data 
but they fail. to identify the funda- 
mental causes for the effect of strain 
rate and temperature histories on the 
strain hardening of metals. : 

The well known effect of the strain 
hardened states of metals on their re- 
covery rates suggested that a more 
. complete identification of the effect of 
‘strain rate and temperature histories 
on the strain hardening of metals might 
be obtained from recovery tests. Pre- 
liminary data from two recovery tests! 
appeared to confirm this thought. The 
tests described in the following pages 
of this report were made in order to 
obtain more conclusive evidence on the 
effect of temperature of prestraining on 
the recovery of the flow stress. 


Materials and Testing 
Techniques 


Pure aluminum (99.987 pct Al) was 
selected for these studies in order to 
minimize the effect of such factors as 
strain aging on the interpretation of 


922... Metals Transactions, Vol. 185 
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TRUE STRAIN 


FIG 2—Method of evaluating the recovery. 


the data. 

All of the tests were performed with 
equipment previously described in the 
literature.2+ Strains were measured to 
0.001 and stresses were determined to 
about +25 psi. All recorded data are 
given in terms of true stresses and true 
plastic strains. 


Method of Evaluating 
the Recovery 


The procedure used to determine the 
amount of recovery in this investiga- 
tion is shown schematically in Fig 2. A 
specimen strained exclusively at liquid 
nitrogen temperature has the true 
stress-true plastic strain curve OFF’ 
whereas a specimen strained to €2 at 
some higher temperature 7, and then 
immediately tested at liquid nitrogen 
temperature gives the curve OABB’. 
Thus a prestrain €, at T, gives the same 
flow stress (B) at liquid nitrogen tem- 
perature as is obtained by straining ex- 
clusively at liquid nitrogen tempera- 
ture to ¢,. If the strain hardened states 
at B and F are identical the recovery 
rates of the two specimens should also 
be identical. But if the recovery rates 
are dissimilar the strain hardened 
states must be different even though 
the flow stresses are approximately the 
same at liquid nitrogen temperature. 


The recovery of specimens pre- 
strained to e, at liquid nitrogen tem- 
perature was obtained by aging the 
specimens at some appropriate tem- 
perature for various times and then 
testing again at liquid nitrogen tem- 
perature. In this way a series of curves 
GG’, HH’, etc. were obtained for the 
partially recovered material. For the 
data reported here these curves ex- 
hibited a sharp knee at the yield stress 
so that rather accurate determinations 
of the stresses G, H, I, etc. were ob- 
tainable by extrapolation to zero ad- 
ditional plastic strain upon restraining 
after recovery. 

One complication arose in the analy- 
ses of the recovery data. Due to minor 
variations in properties from specimen 
to specimen, the flow stress F after pre- 
straining to e, at liquid nitrogen tem- 
perature was not quite the same for all 
specimens. The F' value, however, was 
obtained for each specimen as well as 
the recovered stress, for example, G. 
The amount of recovery was then cal- 
culated as F-G for each specimen. In 
this way the effect of minor variations 
from specimen to specimen on the cal- 
culated amount of recovery was re- 
duced to a negligibly small value. 

A somewhat similar procedure was 
used to determine the recovery after 
prestraining an amount e, at a tem- 
perature T,. In order to evaluate the 
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FIG 3—Effect of prestraining at various temperatures on the flow stress at liquid nitrogen 


amount of recovery on a comparable 
basis, all tests after a recovery treat- 
ment were conducted at liquid nitro- 
gen temperature, providing in this way 
curves CC’, DD’, etc. The stress A 
differed slightly for each specimen 
strained to the same value e€2 but stress 
B was found to vary in an analogous 
way so that B-A was substantially con- 
stant. This value was then used as a 
basis for calculating the amount of re- 
covery. A specimen to be treated for 
recovery was strained to €, and the 
stress A for the specimen was measured. 


~ After recovery the stress-strain curve 


CC’ was obtained at liquid nitrogen 


‘temperature. In this way C-A was de- 


termined for the recovered specimen. 


_ The amount of recovery was then cal- 
- eulated as (B-A) — (C-A). 


Experimental Data 


The question of prime interest in the 
present study concerns possible dif- 
ferences in the work hardened state as 
revealed by recovery experiments after 
the metal has been subjected to various 
prestraining histories of such extent 
that the instantaneous flow stress is 
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temperature. 


constant. If different recovery rates 
are obtained for specimens that have 
been so prestrained that their flow 
stress at liquid nitrogen temperature 
is about 12,500 psi, it follows that the 
instantaneous flow stress under con- 
stant conditions of temperature and 
strain rate is not a measure of the work 
hardened state. Under such conditions 
the relative rates of recovery for the 
various prestraining treatments will 
serve to qualify the existing differences 
in the work hardened states that were 
generated. In order to permit this 
evaluation the metal must be pre- 
strained just that amount at various 
temperatures to give a constant flow 
stress (12,500 psi in the following tests) 
when the test is continued at liquid 
nitrogen temperature. The conditions 
of prestraining used to accomplish this 
are shown in Fig 3. Prestraining to 
0.252 at 296°K, 0.203 at 273°K, 0.137 
at 194°K and 0.081 at 78°K gave ap- 
proximately the same flow stress of 
12,500 psi when the temperature was 
changed rapidly from that for pre- 
straining to liquid nitrogen. In all 
cases the transfer to liquid nitrogen 
temperature was accomplished in less 
than 15 sec in order to reduce the 


amount of recovery that might have 
occurred during the transfer interval. 

It is significant to note that the two 
specimens prestrained at atmospheric 
temperature (296°K) gave slightly 
different stress-strain curves, but 
that the differences between the flow 
stress at liquid nitrogen and room tem- 
peratures were 12,750 — 9,890 = 2,860 
psi, and 12,450 — 9,630 = 2,820 psi re- 
spectively, which are identical within 
the limits of experimental error. Simi- 
larly the difference in flow stress at 
liquid nitrogen (78°K) and CO,-ace- 
tone (194°K) for the two specimens 
prestrained at CO.-acetone tempera- 
ture 12,475 — 10,270 = 2,205 psi and 
12,250 — 10,060 = 2,190 psi which is 
again within the limits of experimental 
error. These data suggest that the ef- 
fects of sampling can be largely elimi-. 
nated by the procedure previously 
described for calculating the amount of 
recovery. 

The recovery data are recorded in. 
Fig 4 and 5. The amount of recovery 
was determined by the decrease in the 
flow stress at liquid nitrogen tempera- 
ture upon recovery as described previ- 
ously. Although there is some scatter 
in the data, the results are neverthe- 
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FIG 4—Effect of prestrain temperature on recovery at 273°K. 


less conclusive. At 273°K the rates of 
recovery were relatively slow whereas 
satisfactorily higher recovery rates 
were obtained at 305°K. At both of 
these temperatures the specimens pre- 
strained at 273 and 296°K presented 
approximately identical recovery rates 
indicating thereby almost identical 
work hardened states. But for both of 
the recovery temperatures used here 
the specimens that were prestrained at 
liquid nitrogen temperature (78°K) re- 
covered most rapidly. Fig 6 shows the 
recovery data at 305°K on a log-log 
plot. As shown in Fig 4 and 5 the speci- 
mens prestrained at CO.-acetone tem- 
perature (194°K) recovered at an 
intermediate rate. 

The data recorded in Fig 4 and 5 
reveal that the high purity aluminum 
used in these tests recovers somewhat 
at atmospheric temperature after pre- 
straining at atmospheric temperature. 
Such recovery must, therefore, also 
occur during the straining. It might, 
therefore, appear that the observed 
differences in the recovery rates after 
various prestrain histories is attributa- 
ble to the possibility that recovery 
occurring during prestrain reduces the 
subsequent recovery for those speci- 
mens prestrained at the higher tem- 


peratures. In Fig 7 are shown recovery 


tests at the testing temperature for 
273, 194, and 78°K. Although recovery 
does occur at 273°K in 1 hr, no recovery 
was detected in 4 hr at 194°K or in 1 
hr at 78°K. Evidently the data ob- 
tained by prestraining at 78 and 194°K 
are not clouded by possible recovery 
during prestraining. Therefore, evi- 
dence is substantial that metal pre- 
strained at the lower temperature 
recovers more rapidly than metal pre- 
strained at a higher temperature even 
when the two conditions of prestrain- 
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ing result in the same instantaneous 
values of the flow stress at the lower 
temperature. 

It is possible of course that greater 
rates of recovery are induced by the 
applied stresses during prestraining. 
In order to test this thought six re- 
covery tests were made under stresses 
approximating the yield stress at the 
recovery temperature. No indication 
of a significant effect of stress on the 
rate of recovery was detected, thereby 
disqualifying this suggestion. 


Discussion of Results 


The preceding experimental data re- 
veal that high purity (99.987 pct Al) 
aluminum work hardens more rapidly 
for lower temperatures of prestraining. 
By appropriate selection of the amount 
of prestraining for each prestrain tem- 
perature it is possible to induce a work 
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hardened state that gives the same 
flow stress when straining is continued 
at liquid nitrogen temperature. In 
order to accomplish this, the specimens 
must be prestrained a greater amount 
for the higher prestraining tempera- - 
tures. Although the instantaneous 
flow stresses at liquid nitrogen tem- 
perature are adjusted to the same 
value by this procedure, the rates of 
strain hardening differ systematically 
for the various prestraining tempera- 
tures. Specimens prestrained at the 
higher temperatures have higher rates 
of strain hardening for identical flow © 
stress when they are subsequently 
tested at liquid nitrogen temperature. 
This fact suggests that although the 
flow stresses are the same, the work 
hardened states nevertheless differ in 
some yet obscure way as a result of the 
previous prestrain temperature history. 

Specimens prestrained at the higher 
temperatures to a strain that induces 
a fixed flow stress at liquid nitrogen 
temperatures exhibit much slower 
rates of recovery of the flow stress 
upon storage at the same recovery tem- 
perature than specimens prestrained at 
lower temperatures. This not only oc- 
curs under conditions where the pre- 
straining temperature is high enough 
to cause some recovery during pre- 
straining, but it also occurs for 
prestraining temperatures at which 
the amount of recovery during pre- 
straining is so small that it cannot be 
detected. The evidence is thus unmis- 
takable that lower temperatures of 
prestraining to a fixed flow stress 
yield a more rapidly recoverable work 
hardened state. Consequently speci- 
mens of a metal so treated by various 
histories that they have the same in- 
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FIG 5—Effect of prestrain temperature on recovery at 305°K. 
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FIG 6—Effect of prestrain temperature on recovery at 305°K. 
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stantaneous flow stress under specified 
conditions of testing do not necessarily 
exhibit the same work hardened state. 

The differences in these work hard- 
ened states is somewhat elucidated by 
their relative rates of recovery. It ap- 
pears justifiable to assume that the 
work hardened state induced in cold 
worked metals is essentially attributa- 
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ble to imperfections of a type that are 
perhaps analogous to dislocations. The 
work hardened state is then deter- 
mined by the size, distribution and 
density of the dislocations. Prestraining 
under different conditions of tempera- 
ture, strain-rate and strain induced 
unique sizes, distributions and densi- 
ties of the dislocations. Thus it is pos- 


78° 
194°K 
273°K 


sible to acquire the same flow stress in 
a metal by various strain histories and 
yet have differences in the size, dis- 
tribution and density of the disloca- 
tions. Upon recovery the more mobile 
dislocations will be activated and 
might migrate out of the mosaic blocks 
or be otherwise annihilated. The rate 
with which such a recovery process 
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would occur at a stated recovery tem- 
perature would depend upon the rela- 
tive activation energies for the various 
sizes, distributions and densities of dis- 
locations. The new work hardened 
state and the new flow stress following 
recovery would depend on the resulting 
dislocation statistics. Inasmuch as 
those specimens which were pre- 
strained to a stated flow stress at the 
lower temperatures recovered most 
rapidly it appears logical to conclude 
that they also contain a larger number 
of more easily activated dislocations. 
Perhaps they contain a greater number 
of more readily activated dislocations 
more propitiously distributed as a re- 
sult of the lower prestrain temperature 
to give nevertheless the same flow 
stress as is obtained by an appropri- 
ately larger prestrain at a_ higher 
temperature. Perhaps the dislocations 
generated at the lower prestrain tem- 
peratures are smaller, (as has been sug- 
gested on the basis of other evidence by 
Taylor’ and Kauzmann® and Dush- 
man’) but more numerous so that the 
same flow stress is achieved as is ob- 
tained by more extensive prestraining 
at the higher temperatures. The lat- 
ter suggestion is of interest and will 
constitute the subject for further 
investigations. 


Conclusions 


1. The mechanical properties of 
cold-worked metals depend not only 
on the instantaneous values of the 


strain, strain rate and temperature 
but on the entire past history of 
temperature and strain rate during 
prestraining. 

2. Neither the instantaneous value 
of the total strain nor the instantaneous 
value of the flow stress under stated 
conditions of strain rate and tempera- 
ture are adequate for characterizing 
the strain hardened state. 

3. Specimens of a metal can be so 
prestrained at various temperatures 
that the same flow stress is obtained 
when they are subsequently tested at 
the same instantaneous temperature 
and strain-rate. Those prestrained at 
the higher temperatures require greater 
amounts of prestrain. 

4, Although such specimens have the 
same instantaneous flow stress, those 
prestrained at the higher temperatures 
have greater instantaneous rates of 
strain hardening. 

5. The recovery rate of pure alumi- 
num depends upon the temperature of 
prestrain; specimens prestrained at the 
lower temperatures exhibit much higher 
rates of recovery. 

6. These observations appear to sug- 
gest that lower temperatures of pre- 
straining induce the formation of 
smaller or otherwise more readily ac- 
tivated dislocations. 
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Introduction 


Most structural parts which are heat 
treated are designed using strength 
properties which have been determined 
in the principal direction of the wrought 
material. For example, for rolled or 
drawn materials, properties are given 
for the rolling or drawing direction. The 
structures, however, may be loaded so 
that the critical stress is in some direc- 
tion other than that for which the prop- 
erties of the material are known. 

Investigations of forged products,!.2:3 
have shown that while the yield 
strength and tensile strength of carbon 
steel billets and bars vary little with 
the direction of the test specimen in 
relation to the fiber, the contraction in 
area in tension tests and the impact 
strength in notched bar impact tests 
decrease in the transverse direction. 
The contraction in area and, conse- 
quently, the fracture stress of hard 
aluminum and magnesium alloy forg- 
ings have also been found to be lower in 
the transverse direction. 

_ An investigation on aluminum alloy 
plate‘ likewise has shown the depend- 
ence of the fracturing characteristics 
upon the direction* of the test speci- 
mens, the longitudinal direction being 
considerably stronger than the trans- 


_ verse direction and the normal direc- 


tion, with the normal direction being 
the least strong. 

The variation of properties with di- 
rection has been explained by a type of 
anisotropy called mechanical anisot- 
ropy. This anisotropy results from the 
elongation, in the direction of the prin- 
cipal strain, of certain phases, inclu- 
sions, and/or cavities in the metal 


* The direction of a test specimen can be de- 
fined as the relation of the axis of the specimen to 
a set of axes made up of the longitudinal, trans- 
verse, and normal directions in the material. 
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during working. A mechanical fibering 
is thus produced which seems to persist 
through annealing and heat treatment. 

This investigation was initiated to 
determine the flow stress and fracture 
stress, at high hardness levels, at 90° 
to the rolling direction in a round steel 
bar. It is this direction which receives 
the critical stress in drawing dies ma- 
chined from round bars. Preliminary 
tests showed a large difference in prop- 
erties between the 0° and 90° direc- 
tions. Consequently, it was felt that a 
more complete investigation, utilizing 
several types of tests, was warranted 
to determine the flow and fracture 
characteristics of a steel at various 
orientations, for a number of hardness 
levels. This investigation was con- 
ducted on an air hardening nondeform- 
ing die steel. 


Material and Procedure 


The distribution of properties was 
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made on a 3-in. round bar of annealed 
high-carbon, high chromium steel of 
the following analysis: 


Pct 
Carhontee eyesss cain cce se LeS3: 
Manganese oti nmes oti nd ean MOLSD 
Silicon# ane stare nee Os ag 
Ghromannite gene cols oe 11.76 
[Vanna Ginnie ree ny, fro. oess, see OS 
Molybdenum.............. 0.81 


The 3-in. bar was produced from an 
8-in. ingot, which was annealed and 
forged to a 4-in. square billet. The 
billet was annealed and rolled to a 3-in. 
round which was then annealed and 
straightened. 

This steel is an air hardening die 
steel which has very good dimensional 
stability on hardening; therefore, the 
residual stresses resulting from harden- 
ing would be expected to be low. A 
hardness survey across the diameter of 
the annealed bar showed no difference 
in hardness from the center to the out- 
side. However, the test sections of all 
the specimens were taken approxi- 
mately half way between the center of 
the bar and the surface to avoid any 
surface effect or possible porosity at the 
center. 

Tension, compression and bend tests 
were made on specimens hardened and 
tempered at six different temperatures. 

The tension test specimens, Fig 1, 
were machined from the bar at orienta- 
tions of 0, 22.5, 45, 67.5 and 90° from 
the axis of the steel bar. The specimens 
were rough machined, heat treated and 
then ground to size. The test section on 
each specimen was lapped in a direction 
parallel to the axis of the specimen to 
remove any transverse scratches which 
might act as stress raisers. The speci- 
mens were tested in fixtures which 
insured concentricity of loading of less 
than 0.001 in.* The transverse strains 
were measured with a radial strain 
gauge,°® the least count of which was 
0.0001 in. change in diam. 

The compression specimens, Fig 1, 
were machined from the bar at ori- 
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entations of 0° and 90° from the axis of 
the steel bar. The specimens were 
rough machined, heat-treated, and then 
ground to size. The specimens were 
tested between hardened ground steel 
blocks in a specially built ball-bearing 
die set, which assured pure compres- 
sion. The ends of the specimen were 
lubricated with a drawing compound 
to minimize the friction. The trans- 
verse strain was measured with the 
same radial strain gauge which was 
used for the tension specimens. All the 
specimens were strained in excess of 
4 pet (increase-in-area). No perceptive 
bending or barreling of the specimens 
was noted at these strains. 

The bend test specimens, Fig 1, were 
machined from the bar at orientations 
of 0° and 90° from the axis of the bar. 
The specimens were rough machined, 
heat treated, and then ground to size. 
A photogrid, 100 lines per in. was 
applied on the tension surface of the 
bend bar. Readings were made from 
this grid after fracture to give the 
strain at the middle of the tension sur- 
face. The strains were measured with a 
Filar eyepiece, using a gauge length of 
0.01 in. Five gauge-lengths were meas- 


ALLOW 
| | ee ey 
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BLM SPECHIEN 


FIG 1—Test specimens. 


a. Tension specimen. 6. Compression specimen. 
c. Bend specimen. 


ured on each side of the fracture and 
the strain at the fracture was extra- 


polated from these measurements. The 
specimens were bent in a “Wrap 
Former” around a 1.25 in. radius die.® 
All of the specimens fractured during 
testing at relatively small angles of 
bend. The bend angle was measured 
after fracture on a microprojector. 

All of the test specimens for each tem- 
pering temperature were heat treated 
together, the specimens being held 40 
min. at 1820°F, in a Vapo Carb At- 
mosphere furnace and cooled in still 
air. The specimens were tempered in a 
forced air convection furnace at 1000, 
1025, 1050, 1100, 1150 and 1200°F for 
one hour. 

The corresponding hardness values 
for the various tempering temperatures 
were as follows: 


Tempering Hardness 
Temperature °F Rockwell C 
1000 62.5 
1025 62.5 
1050 59. 
1100 54.5 
1150 50. 
1200 45. 
Results 
STRUCTURE 


In order to show the disposition of 


FIG 2—Structure of a 3-in. diam bar of die steel, quenched and tempered at 1200°F. 


Nital etch. a. Longitudinal direction. X 100. 6. Transverse direction X 100. c. Longitudi i i 
5 ibe ee tudinal 
500. d. Transverse direction. 500. ste es Se piepe 
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FIG 3—Typical stress-strain curves in tension for a die steel tempered at various tempera- 
tures and tested at several directions to the rolling direction. 


the carbides, micrographs were made 
in the longitudinal and transverse di- 
rections of the bar in specimens which 
had been quenched and tempered at 
1200°F. These micrographs are shown 
in Fig 2 at both 100 and 500 magnifi- 
cations. It can be seen that the undis- 
solved carbides have been strung out in 
the longitudinal direction of the bar by 
the fabricating operations. 


TENSION TESTS 


The results of the tension tests are 
shown in Fig 3, 4, 5, and 6. In Fig 3 a 
few typical tension curves are-shown 
_ for the longitudinal and transverse di- 
rections at three different tempering 
temperatures. The fracture stress, duc- 
tility, and yield stress are shown in Fig 
4, 5, and 6 as functions of tempering 
temperature and of specimen direction 
for three selected temperatures. 

The fracture stress, Fig 4, for every 
orientation reached a maximum at a 
tempering temperature between 1025 
and 1050°F. At 1000°F the fracture 
stress fell off for all of the orientations. 
The fracture stress at each tempering 
temperature decreased from a maxi- 
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mum at the 0° direction to a minimum 
at the 90° direction. 

The reduction in area,.Fig 5, was 
small for all of the tests but showed an 
increase with tempering temperature 
for all orientations. The increase in 
ductility was greater at each tempering 
temperature as the orientation changed 
from 90 to 0°. The yield stress, 0.2 pct 
offset, Fig 6, was the same for all ori- 
entations at each tempering tempera- 
ture. The yield stress increased as the 
tempering temperature was lowered 
untila maximum was reached at 1025°F 
and then the yield fell off at 1000°F 
in a manner similar to the fracture 
stress. 


COMPRESSION TESTS 


Typical stress strain curves in com- 
pression are shown in Fig 7 for the 
longitudinal direction at three different 
tempering temperatures. The stresses 
in compression for 0.1, 0.2, 0.5, 1.0 and 
2.0 pct plastic flow are shown in Fig 8. 
A small but consistent difference was 
noted between the orientations of 0° 
and 90°, the values for 0° always being 
higher. The values of yield stress in- 


creased with decreasing tempering 
temperature and unlike the yield stress 
in tension, did not have a maximum at 
1025°F. 


BEND TESTS 


The strains measured at the center 
of the tension surfaces and the angles 
of bend after fracture are given in Fig 
9 and 10. Considerable difference is 
shown between the 0° and 90° orienta- 
tions for both the bend strain and bend 
angle, this difference becoming larger 
with increasing tempering temperature. 
Both the strain and the angle increased 
with increasing tempering temperature — 
for both 0° and 90° orientations. 


Discussion of Results 


A high degree of directionality was 
shown in the fracture stress and duc- 
tility for this material. At 1200°F tem- 
pering temperature the strength in the 
transverse direction was 18 pct less 
than the longitudinal direction and 
this difference increased at lower tem- 
pering temperatures. An even: greater 
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FIG 4—Dependence of fracture stress on tempering temperature 


and orientation. 


difference was shown by the ductility 
over the whole range of tempering 
temperatures used. 

The decrease in fracture stress ex- 
pressed as a percentage of the fracture 
stress at 0°, is shown in Fig 11 for the 
different orientations at three temper- 
ing temperatures. This decrement ap- 
pears to be a function of the specimen 
direction and is also dependent upon 
the structure, particularly at 90°. This 
behavior is of the type which would be 
expected if discontinuities or cavities 
existed parallel to the axis of the bar. 
The yield stress in tension, however, 
showed no such directionality (the 
yield stress in compression showed a 
slight degree of directionality). This 
further supports the belief that me- 
chanical anisotropy is the cause of the 
differences in fracture stress and duc- 
tility since a crystallographic pre- 
ferred orientation normally causes 
differences in yield strength in various 
directions. Cubically aligned copper is 
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FIG 5—Dependence of ductility in tension on tempering 
temperature and orientation. 


one exception, in that it shows little 
dependence of yield stress upon the di- 
rection of testing.’ 

The decrease in yield stress in the 
vicinity of 1000° tempering tempera- 
ture may be due to the retention of 
residual stresses which lower the ap- 
parent yield strength. The sharp drop 
in yield stress was not observed in 
compression. A comparison of the yield 
stress in tension with the yield stress in 
compression (0.2 pct), Fig 12, shows 
that between 1200 and 1100°F the 
yield stress in compression was slightly 
higher than that in tension. This is the 
usual case. However, below 1100°F, the 
tension yield stress decreased, whereas 
the compressive yield stress continued 
to increase. 

The ductility of this steel is ex- 
tremely low in the range of tempering 
temperatures used. On hardening, the 
steel retains a high percentage of 


austenite (30 to 40 pct) which trans- 
forms on tempering. A _ secondary 
hardening range is observed at tem- 
pering temperatures about 1000°F, Fig 
2, where additional chromium carbides 
are formed. Consequently a mixed 
structure is obtained which is com- 
posed of variously tempered marten- 
sites, carbides, retained austenite, and 
possibly other transformation prod- 
ucts. Small amounts of carbides, 
retained austenite or other transforma- 
tion products would all cause a lower- 


_ ing of the ductility. 


In the range of tempering tempera- 
ture from 1000 to 1050°F the ductility 
is reduced to less than one per cent. 
Consequently, the fracture stress is 
lowered in this range. 

The bend tests showed considerable 
difference between the 0° and 90° ori- 
entations when measured either by the 
strain or the bend angle. A comparison 
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FIG 6 (Upper left)—Dependence of yield stress in tension’, on 
tempering temperature and orientation. 


FIG 7 (Above)—Typical stress strain curves in compression for 
a die steel tempered at various temperatures and tested in the 
rolling direction. 


FIG 8 (Lower left}—Dependence of yield stress in compres- 
sion on tempering temperature and crientation for various amounts 
of strain. 


of the strains measured in the bend 
tests with those in tension shows that 
the strains were greater for the bend 
tests although a slight degree of 
biaxiality* exists at the center of the 
tension surface of a square bar. 


Conelusion 


As a result of this investigation, the 


* On bending a square bar, a small transverse 
stress results at the center of the tension surface 
due to lateral restraint.‘ 
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FIG 9—Dependence of bending strain on tempering tem- 
perature and orientation. 
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FIG 10—Dependence of bend angle on tempering tem- 
perature and orientation. 


following conclusions can be drawn: 

1. The fracture stress and ductility 
in tension and the ductility in the bend 
test exhibited pronounced direction- 
ality, properties always being higher 
in the longitudinal direction for every 
tempering temperature chosen. 

2. The yield stress in tension did not 
vary with direction. The yield stress in 
compression varied only slightly with 
direction. 

3. The directionality can be at- 
anisotropy 
caused by the carbide stringers devel- 
oped in the fabrication of the material. 
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The Effect of Working and Heating Eutectic Structures 


With the exception of the work of 
Tammann and Hartmann,! no pub- 
lished information has been found on 
the structural changes produced in 
eutectic structures as the result of heat- 
ing following plastic deformation. In 
part this lack of information may be 
due to the fact that many eutectic 
structures contain an intermetallic com- 
pound as a prominent phase, and as a 
consequence have been considered to 
be unworkable. For example, Tammann 
and Hartmann were able to obtain 
useful data only on those alloys that 
they could greatly reduce in thickness 


pct Mg alloy; the Mg2Pb intermetallic com- 
pound appears dark and the Mg solid solu- 


tion light: 
Unetched. 1000 X. 


by cold rolling. This restriction placed 
on the investigation of alloys contain- 
ing intermetallic compounds has been 
largely removed by the work of 
Savitskii? which showed that large 
deformations of such alloys can be pro- 
duced by relatively slow compression 
at temperatures near the melting range. 


It was possible, therefore, to carry out 


the present work on a range of binary 
eutectics including one composed of 
two intermetallic compounds. 

The essential results obtained on the 
alloy systems studied are illustrated by 
the Pb-Mg eutectic containing 33.2 pct 
Mg, Fig 1. The cast structure, Fig la, 
was obtained by melting together mag- 
nesium of 99.8 pct purity and chemi- 
cally pure test lead, casting into a 
heated, small steel mold, and furnace 
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cooling in the mold from about the 
eutectic temperature. The fairly coarse 
eutectic structure thus obtained was 
too brittle to work at room tempera- 
ture without cracking. Fig 1b shows the 
worked structure obtained by com- 
pressing a }4-in. cube 70 pct in about 
15 sec at 550°F and then water quench- 
ing. The pronounced changes in the 
distribution of the two phases pro- 
duced by heating the worked alloy at 
850°F for 1 hr are shown in Fig le. 
Recrystallization of both phases ap- 
pears to have taken place, and the 
mechanical properties of the cast alloy 


FIG 1b—The Pb-33.2 pct Mg alloy reduced 


pct by pressing at 550°F. 
Unetched. 1000 X. 


must have been significantly changed 
by the working and heat treatment. 
Similar results were obtained with 
the Mg-59.5 pct Bi, Mg-36.4 pct Sn, 
Mg-65.4 pct Cu, and Bi-40 pet Cd 
eutectics, only the last of which could 
be worked at room temperature. 
Tammann and Hartmann reported a 
thickening and shortening of the 
needles of the eutectics which they 
heated about 10°C below the melting 
range for 1 hr after drastic cold rolling. 
They found the following eutectics, 
given the indicated amounts of reduc- 
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tion, to have a granular structure after 
heat treatment: Sn-9 pct Zn (98 pct); 
Cd-82.5 pct Pb (60 pct); and Bi-43.5 
pet Pb (90 pct). On the other hand the 
alloy Al-11.7 pct Si (60 pct) showed 
no change after heating. Tammann and 
Hartmann observed a distinct shrink- 
ing of the needles in unworked eutectics 
subjected to heat-treatment. In the 
present work inappreciable change in 
the eutectic structure was found on 
heating undeformed alloys. 

In summary, it appears that eutectic 
structures can be recrystallized into a 
“‘spheroidized”’ condition by heating 


FIG 1c—The 70 pct reduced Pb-33.2 pct Mg 


alloy after heating for one hour at 850°F. 
Unetched. 1500 X. 


near the eutectic temperature after 
severe deformation. If the eutectic con- 
tains one or more brittle phases the 
necessary deformation can be accom- 
plished by pressing at high tempera- 
tures. It is reasonable to expect that 
this tendency towards equiaxed grains 
from the plate- or needle-like eutectic 
structure should be general since the 
energy relations and mode of growth 
in recrystallization are so different 
from those that hold for eutectic 
crystallization. 
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Introduction 


In this paper, as prepared for de- 
livery at the Southern California. re- 
gional meeting on Oct. 14, 1948, it was 
thought best to interpret the term 
“economics” in a rather broad manner 
and to include, in addition to the ma- 
terial losses and recoveries and associ- 
ated monetary values (Part I), a 
limited discussion of the increased diffi- 
culties or the particular problem and 
the special requirements, as the particle 
sizes of the suspended particles range 
down from the relatively coarse to 100, 
to 10, to 1 micron or even to a fraction 
of one micron (Part II). Further, it is 
not quite in order to overlook entirely 
the community and individual health 
problems, although space requires the 
economics of this to be considered only 
very incompletely. Therefore, Part III, 
covering this phase of the subject, is 
very limited. 

This paper, then, is divided into 
5 parts or headings as follows: I Losses 
and/or values in suspended solids. 
II Particle size. III Dust and fumes in 
community and individual living. IV 
Means and Procedures for dust and 
fume collection. V Description or ex- 
amples of specific equipment in service 
and of the several types used for dust 
and fume collection. Because of the 
wide extent and wealth of subject ma- 
terial available and the space and time 
limitation imposed, presentation and 
discussion are less than originally 
planned. 


I—Losses and/or Values in 
Suspended Solids 


The weight involved in moving 
streams of industrial plant gases is 
commonly not appreciated, neither is 
their carrying power in the weight of 
solids maintained in suspension and 
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moved with the gas stream from a 
point of origin or pick-up to a point of 
dissipation or settlement. These, how- 


ever, are major weight figures; for 
example, in a modern iron blast furnace 


there may be five tons of gas for every 
ton of iron produced and by the time 
this blast furnace gas has been burned 
in stoves or under boilers the weight of 
gas discharged to atmosphere is on the 
order of eight times the weight of iron 
produced. Similarly for nonferrous 
metallurgy there may readily be from 
10 to 20 times the weight of gases dis- 
charged to atmosphere as there is metal 
produced. 

A cement kiln in operation or a kiln 
in service to produce metallurgical lime 
may have on the order of 5 to 6 times 
the weight of stack gases as of clinker 
or lime produced, and at least the 
cement kiln, because of the very fine 
nature of its feed, is a very heavy dust 
producer. 

It may be noted that there have been 
two developments in progress for 
nearly three decades. Both are ex- 
traordinary in the industrial economics 
effected and in their ready availability 
to ever larger units of operation and 
their ever widening importance in 
industry, and both are productive of 
great quantities of finely divided ma- 
terial in furnacing. The first of these 
is the flotation process for ores, espe- 
cially the metallics such as copper, lead, 
and zinc; and the second, powdered 
fuel combustion for power plant, indus- 
trial plants and metallurgical opera- 
tions. Today, new developments, for 
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example, flotation for the nonmetallics 
such as higher grade limestone for 
cement manufacture which requires 
still finer grinding and the powdered- 
coal-fired boilers with production rat- 
ings of over 1,000,000 lb of steam per 
hr, bring still more concentrated and 
hugely increased quantities of stack 
emission. 

Perhaps the honors for the greatest 
interest in the quantities and values 
escaping in waste furnace and equip- 
ment gases belong to the nonferrous 
metallurgical operations. Their record 
of achievement in the installation of 
dust and fume collection equipment, 
largely baghouses or Cottrell electrical 
precipitators, is exceeded by no other 
industry. 

Something of the magnitude and 
variety of equipment utilized in such 
recovery systems was covered by the 
writer in two papers presented to the 
Institute some 10 years ago.!2 It is not 
intended to repeat the material of those 
articles, but it is thought that they 
complement this offering and should 
be noted. 


COPPER ROASTERS 


As the copper roasters are the first 
of the series of furnaces handling the 
copper-bearing concentrates in the 
usual copper smelter of today, it 
is in order to make them the first 
consideration. 

Multiple hearth sulphide roasters, 
not hard driven, often maintain their 
dust loss through exit gases at 3 pct or 
below of feed to furnace; in hard-driven 
or maximum-driven furnaces, exit gas 
losses often approximate 7 pct of charge 
with a +2 pct variation for special 
conditions prevailing at some plants. 
A 5 pct loss of feed in a roaster gas 
exit, unless reclaimed, often makes the 
difference between a profit and loss 
operation, and in many cases sub- 
stantial recovery is the very basis of 
dividend payments. As there is avail- 
able very practical and_ successful 
equipment for the collection of the 
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suspended solids in the acid-bearing 
copper roaster gases, all plants handling 
good tonnages of through-put material 
are equipped with some form of collec- 
tion equipment; the most common and 
quite the most successful collection 
equipment makes use of high potential 
electrical discharge—the process of 
Electrical Precipitation, more commonly 
referred to as the Cottrell process. In 
general, the values in copper roaster 
feed are not confined to the copper 
only but include both gold and silver. 
Copper and gold show no appreciable 
fume production and their recovery in 
a normal roaster precipitator may be 
on the order of 10 pct higher than that 
of total solids (commonly there are pres- 
ent in the precipitate minor amounts 
of fumes and dust—as oxides and/or 
sulphates of lead, zinc, arsenic, anti- 
mony and the like) and 5 pct better 
than the silver recovery’ efficiency. 
Silver has a greater volatility than 
copper and gold, and particularly so 
in the presence of volatilized lead 


~ compounds. 


\ 


_ No two copper smelters are alike as 
to losses with their flue gases, the 
variation being surprisingly large and 
usually excessive in hard-driven plants 
or older plants, or with poor mainte- 
nance as indicated by leaky flues and 
general large air infiltration conditions. 
It is, however, worthwhile to go 
through a sample set of figures of fur- 
nace losses and collections for a copper 
smelter and while the figures are not 
those of any one smelter they are more 
or less representative of all. Consider a 
custom smelter, as an example, with 
a charge of 1000 tons per day of crushed 
ore averaging 7 pct copper, and 1000 
tons per day of concentrates aver- 
aging, say, 35 pct copper. The crushed 
ore which may be considered coarse in 
comparison with concentrates, is fine 
when considering only run-of-mine ore. 
However, even on their crushed ore, 
say, 4 to 14 in. dimensions, there is 
much decrepitation and production of 


~ fines in the actual furnacing operation, 


so that it will be productive of finely 
divided particles readily carried off by 
the furnace-exit gas stream. Never- 
theless, the major dust will be derived 
from the concentrate fraction of fur- 
nace feed, and the collection in a 
precipitator will approximate 15 to 20 
pet copper, say, 17}¢ pct as an average. 
On flotation concentrates alone the 
dust loss may reach 10 pct of feed. On 
crushed ore with appreciable decrepita- 
tion taking place, dust loss is often 
5 pet and if we say 7} pct as an 
average dust loss and a precipitator 
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recovery of 98 pct on the copper, the 
distribution of copper may be placed 
as follows: In new feed to roaster 420 
tons copper, in Cottrell collection 73.5 
tons, in stack gases 1.5 tons. The latter, 
the stack loss, is 0.36 pct of the copper 
in furnace feed and it is very evident 
that there is the desirability of high 
efficiency of recovery. With copper at 
a market of 23¢ per lb (1948) even the 
recovery of 98 pct and the accompany- 
ing loss of 114 tons of metallic copper, 
or roughly 14 of 1 pct, is an item of 
some interest and will bear further 
consideration. 


REVERBERATORY FURNACES 


In the past, the operation of re- 
verberatory furnaces has varied so 
widely from plant to plant and from 
time to time in the same plant, that 
the majority of operators have con- 
sidered their waste-heat boiler installa- 
tion as a good enough collector and 
have disregarded further dust and 
fume-collecting equipment. 

Reverberatory practice, however, is 
divided into two types, first with all 
feed passing through the multiple- 
hearth roaster, and second, that type 
in which the wet concentrate is directly 
fed to the reverberatory furnace. As is 
to be expected, the latter type of oper- 
ation uses more fuel and has a greatly 
increased gas volume. Both these con- 
ditions are normally productive of a 
higher dust loss from furnace. In addi- 
tion, however, the wet feed, although 
preventing dusting at charge time, is 
often after an interval of time pro- 
ductive of disruptive surface conditions 
due to the very rapid change of water 
particles to steam vapor, and this effect 
is productive of dusting. 

A reverberatory, with roasters pre- 
treating its feed and working on a 
mixture of crushed ore and fine concen- 
trates, is considered operating as well 
as may be reasonably expected ‘iif its 
stack Joss is on the order of 44 to 14 of 
1 pct of furnace feed in copper—about 
the same fraction of a percent loss in 
gold, and 1 to 1+ pct in silver—the 
latter increasing with the presence of 
lead fume in the gases. On the basis of 
a smelter operation with new copper- 
bearing feed of 1000 tons per day, 
20 pct copper, 0.3 oz gold and 2 oz 
silver and present-day market (1948) 
of 23¢ per lb for copper, such reverbera- 
tory loss is considerable, amounting to 
approximately $250.00 per day. How- 
ever, 85 pct of the total value is in the 
copper and since the present price is 
nearly twice that of war-time fixed 


price, it does not follow that such losses 
would warrant the immediate construc- 
tion of high efficiency and relatively 
expensive recovery equipment. Perhaps 
it is in order to consider means for a 
relatively lower-efficiency mechanical 
recovery. 

Where the reverberatories are di- 
rectly fed with undried and unroasted 
concentrates the losses in the exit gases 
after boilers are appreciably greater 
(commonly double or even more) than 
stated above for calcine-fed reverbera- 
tories, and the dust collection is justi- 
fied. Commonly such investment where 
the copper content in the feed is high, 
is returned within a very few years of 
service of collecting equipment by the 
value of recovery. 


COPPER CONVERTERS 


Generally, modern and large con- 
verters will lose from the furnace, with 
their exit gases, on the order of 1 to 
2 tons copper per day and this may be 
1 to 3 pet of the copper produced. It 
varies widely from plant to plant due 
to grade of matte, type of flux and 
procedure of operation. 

The actual solids lost, both dust and 
fume, may be several times the copper 
loss and in lead and zinc-bearing mattes 
the elimination of these two con- 
stituents as oxides or sulphate com- 
pounds is almost 100 pct with the gases. 

Because of the necessities of opera- 
tion there is always a tremendous infil- 
tration of outside air at the converter 
hoods,. and thus a volume in the flue 
just back of the converter stands may 
be on the order of 100,000 to 150,000 
cfm for a present-day large converter. 
Such excessively large gas volume, in 
proportion to air supplied to converter 
at tuyeres or to tonnage of material 
treated, or to weight and nature of 
suspended solids in the exit flue gases, 
makes the economic handling of con- 
verter losses a rather uncertain prob- 
lem. A portion, approximately one half 
the total suspended solids, is relatively 
coarse particles, being essentially the 
material expelled mechanically by the 
effects of converter blast, and this is 
substantially collected in a flue or 
settling chamber. The remaining frac- 
tion, however, is normally very fine 
and it may justify only a mechanical 
collector, say, with 80 to 90 pct 
(on copper) efficiency or it may justify 
an electrical precipitator of about 98 
pet efficiency and perhaps, with the 
latter, at least twice as expensive to 
build. 

Roughly, one can say the North 
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American capacity for production of 
copper (in copper reduction works) and 
in some 30 plants, approximates 
1,000,000 tons per year, or at $400.00 
per ton copper, $400,000,000.00. Cer- 
tainly this is a primary sizable, and for 
the security and good of the country, 
a most important industry! On the 
basis of a furnace loss of 7 pct of the 
copper content and a recovery from 
the furnace gases of 9614 pct of the 
furnace loss there is a copper recovery 
in flue dust of around 67,550 tons 
copper, or expressed in dollars at 
$400.00 per ton a total of approxi- 
mately $27,000,000.00 with a final loss 
from stack of about 14 of 1 pct of 
original plant input of new copper- 
bearing material. These are, of course, 
quite generalized figures but show the 
magnitude and ability of our copper 
smelter metallurgists to confine their 
stack losses to an exceedingly small 
minimum through the installation and 
skilled use of a large variety of dust 
collecting equipment. The main de- 
pendence, however, is on electrical 
precipitation for the collection in acid- 
carrying gases and of the exceedingly 
large amount of fines which the modern 
flotation milling plant provides. 


DIFFERENTIATION OF DUSTS, 
FUMES, AGGLOMERATES, ETC. 


As a distinction between recoveries 
of copper values and those of lead and 
zinc in exit furnace gases, it-is to be 
noted the copper is recovered almost 
entirely as a ‘“‘dust,’’ while in the lead 
and zinc suspensions both dust and 
fume are present, with the fume often 
the largest fraction. We define a dust 
particle as substantially a fragmental 
particle derived by percussion or crush- 
ing as the ore and fuel and flux are 
processed and handled through mines, 
mills and furnaces. It commonly has a 
chemical and mineralogical composi- 
tion approaching that of the furnace 
feed. In practice the major fraction of 
the dust is said to average 5 to 50 
microns, but blasting and crushing 
operations always produce a minor 
fraction below the 3 or 5 micron range 
and a minute portion may be not over 
or even less than | micron. 

A very special suspension product 
results from solid carbonaceous fuel 
combustion. This runs in composition 
from the raw coal and partly burned 
particles of fuel to tar fogs, soot, soot 
agglomerates, fragmented ash particles 
and the fused, rounded and commonly 
hollow particles, the so-called “‘fly ash”’ 
of powdered-fuel suspension combus- 
_ tion. The fly ash particles cover a fair 
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range in size but a goodly portion are 
on the order of 1 micron, and broken 
sphere fragments less than a micron. 
Other than the tar fogs they are all 
solids and do not represent a volatilized 
product but no doubt some of the finer 
carbon or soot particles, before agglom- 
eration has taken place, are products of 
decomposition, probably carrying with 
them traces of actual tar, and may be 
looked upon for size and function, too, 
as ‘‘fume’’-like or ‘“‘fog”’ particles. 

Fumes, as compared to dust, are 
constituents or compounds as of or 
from the charge, vaporized in the 
hottest areas of the furnaces and chilled 
to a solid form out of contact with 
walls. These fumes bear no physical 
resemblance to the new materials of 
furnace feed, often existing in the flue 
gas suspensions as an “igneous concen- 
tration”? product. They are generally 
assumed to be of rounded form and of 
exceedingly small diameter, from a few 
hundredths of a micron to one micron 
in diameter or occasionally somewhat 
larger. There is always an appreciable 
agglomeration present, probably due 
to the effects of electrical charges on 
the solid particles occurring in fume- 
laden gases. Similar agglomeration 
effects are to be noted in liquid sus- 
pended particles, that is, in mists and 
fogs. Examples of the latter are tar and 
acid fog. The effect of agglomeration or 
of agglomeration and coalescence is to 
produce fewer and larger particles and 
thus increase the settlement rate. 


LEAD AND ZINC 
FURNACING UNITS 


Lead and zinc reduction works, in 
the roasting and reduction depart- 
ments, produce both dust and fume, 
perhaps to the gross amount of 5 to 
10 pet of the new metal-bearing ma- 
terial to reduction works, but thanks 
to modern development in dust and 
fume-collecting equipment, including 
both baghouses and electrical precipi- 
tators, actual stack losses in modern 
lead smelters and zinc works of the 
electrolytic type, including the roasting 
or sintering operations essential thereto, 
may be on the order of a small fraction 
of 1 pet of new metal input. In fact 
these enterprises today rarely are in 
trouble from dust-fall, but doubtless 
some who do not convert their SO, pro- 
duction into acid, or liquid SO, or 
elemental sulphur, do have what is 
termed an SO, problem. 


IRON AND STEEL WORKS 


Our main mineral wealth producers 
here in the West have, in the past, 


been our lead, zinc and copper enter- 
prises and therefore we have been 
particularly interested in their dust 
problems. However, we have, within 
recent years, developed several plants 
in ferrous or iron metallurgy and these . 
plants have dust problems, quite as 
great in volume and weight as copper 
and lead smelter enterprises, but with 
values in the collected products for 
which most iron smelter men are en- 
tirely unwilling to set any worthwhile 
figure. Nevertheless, modern iron and 
steel plants are eager to clean their 
combustible gases from blast furnaces 
and coke ovens and public officials look 
with concern at open hearth stacks and 
sintering machine stacks with large and 
objectionable “plumes.” 

There are three main sources of dust- 
bearing furnace gases passing to atmos- 
phere in an iron and steel works, first 
the iron blast furnace, second the 
sintering machine and third, the open 
hearth reverberatories. In plants of a 
generation ago, there were only the 
crudest, if any, dust and fume-collect- 
ing devices on blast furnace equipment. 
From the stack discharge gases from 
the blast furnaces, the stoves and 
adjacent boiler plants burning the blast 
furnace gas, there was almost a rain of 
reddish colored dust, giving the blast 
furnace a most undesirable reputation. 
Today, however, all modern plants 
realize the savings and benefits of clean 
gas in stoves and boilers, and even 
greater economic advantages are se- 
cured in plant operation by burning 
the low Btu blast furnace gas under 
coke ovens, and the high Btu gas from 
coke ovens in domestic or steel plant 
operation. For by-product coke oven 
service the blast furnace gas must be 
practically as clean as outside air, the 
usual specification calling for not over 
0.002 grains of solids per cf gas calcu- 
lated at N.T.P. Almost equally impor- 
tant is clean gas for modern closely 
spaced checkerwork of the blast fur- 
nace stoves, but here a specification not 
quite as rigid as considered necessary 
for use in coke oven combustion, is 
permissible and the usual figure is 
stated as not over 0.007 grain per cf as 
calculated to N.T.P. conditions. To 
accomplish the degree of cleaning, the 
usual current design calls for (1) a dry 
dust settler adjacent to the blast fur- 
nace providing a 180° turn for the 
gases, in other words, an impingement 
type dry cleaner; (2) such dry dust 
collector to be followed by an efficient 
wet scrubber, usually counter-current 
type in baffle or tile packed chamber; 


(3) the scrubber to be followed by a 
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wet or film-type electrical precipitator. 
The dry dust collector may have an 
inlet concentration of 10 to 15 grains 
per cf, an outlet of 3 to 5 grains per cf, 
the scrubber with an inlet which is the 
outlet of the dry dust catcher and an 
outlet of 0.25 to 0.3 grains per cf and 
lastly an electrical precipitator with an 
inlet concentration of the scrubber 
outlet and precipitator outlet concen- 
tration of 0.007 grains per cf. These 
correspond to average efficiency for 
each piece of series-operating equip- 
ment and as developed only on its own 
average inlet and outlet concentration, 
of approximately 70 pct for the dry 
dust collector, 94 pct for the scrubber 
and 97 pct for the precipitator. The 
precipitator collection is substantially 
all fumes, largely those of the alkali 
or alkali-earth compounds but occa- 
sionally fumes of zinc are present. 

The economic results of this train of 
dust and fume collection equipment 
are very considerable indeed. Clean 


_gases to stoves mean nearly theoretical 


combustion, with high heat; no sus- 
pended solids in gases permits close 
packing of brick work and greatly in- 
creases the storage and release of heat, 
and the absence of any fine deposits 
upon—the checker work permits rapid 
accumulation of heat and its equally 
ready release. Thus the furnace is 
better served and responds by greatly 
increased uniformity of operation, by 
increased daily production or greater 
capacity and by simplicity and ease of 
handling. These are not readily-figured 
benefits over one day’s operation, but 
over several years provide noteworthy 
economics of operation and the maxi- 
mum of production. 

The numerous reheating and soaking 
pits of a steel works do not commonly 
discharge visible or appreciable quanti- 
ties of suspended solids but the sinter- 
ing plants and open hearth furnaces are 
at times producers of considerable 


~ clouds of dust with some fume. These 
pieces of plant equipment, in their 


stack discharge, reflect the nature of 
the dry feed to the furnace; where 
there is much fines there is corre- 


- sponding furnace loss, where there is 


fume-making material (for instance, 
galvanized iron scrap) a fume discharge 
will be evident. 

The open hearth reverberatories, in 
particular the newer and larger units, 
say 100 to 150 tons of steel production 
per charge and above, are now very 
generally being equipped with waste 
heat boilers. Such boiler installations in 
themselves are fair dust collectors and 
provide the very decided additional 
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advantage of cooling the furnace exit 
gas volume and thereby correspond- 
ingly decreasing the gas volume to be 
handled, so that additional collection 
means after the boilers are relatively 
easily supplied and installed. In re- 
verberatory furnaces where blast fur- 
nace pig iron is a major constituent of 
the feed it is also common practice to 
add iron ore as a means of effecting the 
combustion of the carbon of the pig 
iron. At the time of feeding that charge 
to the reverberatory and perhaps for an 
hour or more thereafter, there will be 
heavy reddish stack discharge. This is 
not a serious loss as regards weight of 
materials or of values at the furnace but 
it is certainly one of the items that give 
the steel works an evil name as a maker 
of community dust. Reverberatory fur- 
naces, depending upon their size, con- 
dition of feed or of fineness and fuming 
characteristics, and degree of ‘“‘hard 
driving,’ range in dust loss from around 
2 tons per day in a small hearth to 
around 10 tons of furnace dust loss per 
day in a very large furnace. As in a 
great many cement plants, it has been 
the practice to provide one chimney 
for each furnace, and this practice adds 
to the cost and inconvenience of any 
form of dust collecting devices. Once 
the procedure is adopted of installing 
waste heat boilers on each reverbera- 
tory and bringing all the boiler exit 
gases to a central point for treatment, 
the cost and feasibility of dust and 
fume collection installation will be 
greatly simplified, which makes for the 
minimum of expense. It is evident that 
one central recovery plant will cost less 
and be easier to handle than several 
individual dust recovery units. 

The sintering machines in use at iron 
works are of comparatively recent 
introduction. The usual type is com- 
monly provided with a large diameter, 
horizontal type of cyclone which serves 
to collect a coarse constituent of sus- 
pended material passing the grates; 
but in general, when fine ore or flue 
dust constitutes a major element of the 
sinter feed, there is a nuisance stack 
loss if not an important material loss. 
This equipment will receive due atten- 
tion for dust collection along with the 
reverberatory department if and when 
the collection question is not one of 
plant economy but one of community 
betterment as regards appearance, 
cleanliness, saving in wear and tear, 
and the like. The installation of col- 
lecting equipment is neither more nor 
less pressing than in many other indus- 
trial operations or plants, such as 
cement plants, modern powdered-fuel- 


fired power plants, railroad yards, 
handling equipment and the like. 


CEMENT PLANTS 


Cement plants are large producers of 
dusts and fumes in their furnace gases, 
as would readily be expected from the 
nature of their operation. This oper- 
ation includes preparation of a furnace 
feed of exceedingly finely ground lime- 
stone and clay or shale, 86 to 90 pct or 
above of minus 200 mesh (a 74 micron 
particle size just passes a 200 mesh 
screen), and the furnacing of this mix- 
ture to a point and temperature suffi- 
cient to produce a sinter. Commonly 
the prevailing temperature in the 
clinkering zone of the kiln is in the 
range of 2500 to 2700°F. On the basis 
of 600 lb of raw mix to 1 bbl finished 
cement, dust losses in stack discharges 
have been reported all the way from 
10 to 120 lb per bbl. Needless to say 
the latter is abnormal, and good plant 
operation will not long permit such a 
loss. However, 30 to 40 lb per bbl kiln 


loss is quite ordinary and at 40 lb per 


bbl and 5,000. bbl per day the kiln dust 
loss (not stack loss) per day is 100 tons. 

In former days of cement plant oper- 
ation, before government regulations 
became the dominating and costly 
practice they are today for all of us, 
manufacturers were disposed to figure 
the value of their clinker so low that 
they were reluctant to give worthwhile 
values to the recovered kiln discharge 
dust. Today, however, with high labor 
and operation costs and still higher 
prices for cement, the dust becomes of 
considerable value to the producer— 
such figures of $1.00 to $2.00 per ton, 
occasionally more, being the practical 
basis of consideration. Since the U. S. 
production of Portland cement for 1947 
is given as 185 million bbls it is evident 
we are talking of a kiln dust loss of 
over 3 million tons per year. It is to 
be understood that not all this dust 
reaches the atmosphere and is dis- 
tributed around the surrounding com- 
munity as a rain of dust, for the great 
majority of cement plants have some 
provision for collection. Their dust- 
collecting equipment runs all the way 
from an enlarged kiln-end housing or a 
boiler setting to an electrical precipi- 
tator, and includes baghouses or settling 
chambers, scrubbing systems, or one 
large or several small cyclones. On the 
whole, good collection service is pro- 
vided by the industry. Possibly over 
half the total dust produced is col- 
lected—between one and two million 
tons per year. 
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POWER PLANTS 


A field somewhat similar to that of 
cement manufacture as far as large gas 
volumes and dust loadings are con- 
cerned, is that of the new powdered 
fuel-fired-boiler power plants. Units in 
this field are ever growing larger and 
boilers producing 1,000,000 lb of steam 
per hr, are being built with corre- 
sponding gas volumes of around one 
half million cfm at the average pre- 
vailing temperature of about 300°F. In 
the earlier powdered-fuel power plants 
and even in some modern ones upwards 
of 90 pct of the ash in the coal is dis- 
charged with the stack gases. The prac- 
tice of burning coal in suspension has 
permitted the use of coal, without com- 
bustion difficulties, much higher in ash 
content than formerly was permissible. 
This, no doubt, along with the tre- 
mendous size of the modern power 
plant, has led to the very general com- 
plaint of the discharge of chimney 
solids (fly ash). As an example, take a 
power plant of a million kw capacity 
burning 12,000 tons of coal per day of 
possibly 12 pct ash, and assume 75 pct 
of ash in-chimney discharge and not 
the 90 pet which has been occasionally 
reported. There results a stack loss of 
fly ash, so named, of approximately 
1000 tons per day. Part of such stack 
loss is excessively fine, with many 
1 micron particles, and usually 14 of 
the total dust particles’are less than 
10 microns in diameter. While Ameri- 
can practice has favored the dry collec- 
tion and predominantly that by the 
Cottrell process of electrical precipita- 
tion, the English have leaned toward 
the scrubber types with neutralization 
of the acidity resulting from sulphur 
dioxide collection. 

In a British power plant? which has 
been reported in successful operation 
with better than 95 pct removal of dust 
and sulphurous acid from plant gases, 
the neutralization has been effected by 
use of a mixture of lime and limestone 
so that the active neutralization agent 
is reported as the bicarbonate of lime. 
This operation of neutralization, they 
state, is accomplished without the 
building of caked material, or scale 
(which we assume is a bisulphite salt) 
of the usual and very serious insoluble 
and voluminous calcium deposits so 
commonly encountered in non-precisely 
controlled scrubbing of waste gases 
containing SO: with suspended lime or 
limestone in the scrubbing liquor. Past 
experience in attempts to scrub the 
dust and. sulphur-bearing compounds 
from cement plant gases does, indeed, 
make one most hesitant to accept with- 
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out thorough proof any scrubbing 
scheme for sulphur-bearing dust-carry- 
ing gases in which the neutralization is 
to be accomplished with a lime com- 
pound, and where the assumption or 
the assurance is given that no serious 
build-up of lime-carrying deposits will 
occur. 

All indications point to more severe 
restrictions as to stack emanations 
from power plants and city factories 
for the future, and it is well if it is so 
understood by technical staff and plant 
management and plans and equipment 
are provided to accomplish the desired 
end. A statement was made some years 
ago by an English investigator that 
the damage resulting to structures, 
furnishings, clothing and health of the 
people was not less than 2 shillings for 
every ton of raw coal burned. Since at 
that time 2 shillings probably equalled 
about 55¢ of our money, it is easy to 
figure raw coal combustion without 
treatment of discharge combustion 
gases as running to hundreds of millions 
of dollars. The damage and nuisance 
and unpleasant results of raw un- 
treated coal combustion are, of course, 
open to a wide range of interpretation, 
evaluation and even argument and one 
whose interests are normally technical 
is well advised to be cautious and con- 
servative in his figures and remarks. 


GENERAL 


In the preceding account there has 
been covered in a brief and general 
discussion the losses of wastes from 
stacks and chimneys of metallurgical 
operation of industrial and power 
plants. Stack losses for the entire 
United States, without the incorpora- 
tion of present-day quality and re- 
covery equipment of industry, smelting 
and power plants, would easily reach a 
billion dollars or more per year in 
values. With suitable equipment in- 
stalled to collect suspended solids from 
furnace and industry exit gases, com- 
munity savings of the above amount 
may be effected. Nevertheless, for 
health, for community, for good house- 
keeping and for the acceptance of the 
responsibility to be a credit to the 
community, which every industrial 
plant really plans to provide, there are 
required still further effort, expansion 
and investment for suppression or col- 
lection of vent or stack emission. 


Ii—Particle Size 


If one would understand the problem 
of handling, controlling and collecting 
suspended particles in gases,—aerosols 


as they have been termed—it is neces- 
sary to have a mental picture of the 
relative sizes and the special charac- 
teristics that go with such range of 
particle sizes. Over the years various 
relationships have been developed by . 
one observer after another and these 
scattered data have been gathered into 
a very useful chart (Fig 1) by C. E. 
Miller and published in Chemical and 
Metallurgical Engineering in March, 
1938 (p. 113). Due to the large amount 
of convenient and related information, 
this is reproduced here for convenience 
and by the courtesy of the publisher, 
McGraw-Hill Co. 

It is of interest to point out several 
of the interesting features of this chart 
compilation. Reference to the lower 
left hand corner shows the relationship 
of standard screen size as compared to 
micron sizes. The particles just passing 
a 325 mesh screen are approximately 
44. microns in diameter and while this 
is about as fine as one cares to go with 
screen sizes it is to be noted that 
44 micron is still in the first third of 
size range given and such 325 screen, 
passing a 44 micron particle, is just 
about midway point or the sizes of 
many industrial operations, for ex- 
ample, sulphide ore, flotation pulps, 
pulverized coal, combustion ash (flyash) 
cement, and others. It will be noted 
few dusts go as low as 1 micron but 
many fumes and mists (including fogs) 
go down to about 0.02 micron, for 
instance, zinc oxide fume, tobacco 
smoke, and oil smoke. A half micron 
particle is nearing the edge of visibility 
with the most powerful optical micro- 
scopes and at 0.1 micron diameter 
particles show Browning movement 
and thereby display no tendency to 
settle. 

To place the respective diameters 
and rates of fall in figures more common 
to our experience, Table 1 taken from 
Gibbs‘ and here somewhat extended to 
express the rate of fall both in foot per 
second and miles per hour is presented. 


Table 1... Particle Diameter vs. 


Rate of Fall (Spherical 


and Still Air) 
D fees Rate of Settling 
Mi- 
crons 
Screen Cm per Mil 
Size* Cm See, Fpm ae = 
1507 | 10-2 100 |30 59.0 6.711 
10-3 10 |0.3 0.6 0.06711 
10-4 1 |0.003 |0.006 |0.00067 
10-5 0.1 |0.00003/0.00006|0.0000007 


* Tyler Standard screen size, 200 mesh = 74 
micron; 325 mesh = 44 micron. 

t Approximate, size of opening in mesh to pass 
100 micron (spherical) particle. 
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It is obvious from Table 1 that a 
mild breeze, of about 5 miles per hr, 
would permit settlement of only 100 
micron particles or those rounded parti- 
cles passing a 150 mesh screen; and for 
10 microns diam and below, no settle- 
ment should be expected in the ordi- 
nary always-moving air currents about 
us. It is therefore a welcome and well- 
known phenomenon that atmospheric 
particles below settlement size are con- 
tinually agglomerating into larger parti- 
cles and in due course of time do settle. 
Observing the ordinary Tyndall beam 
and the huge mass of floating particles 
observable therein it is a satisfaction 
to realize that there is not a continu- 
ously increasing density of particles and 
that normally the Tyndall beam re- 
flects an equilibrium condition wherein 
about as many old particles are ag- 
glomerated and removed by settlement 
as there are new particles entering the 
beam. The dust particles usually seen 
in a Tyndall beam are from 1 micron 
downward and that fraction from 
about 1g micron downward is invisible 
individually: However, when suffici- 
ently concentrated into masses, the 
appearance is that ofa cloud. 

Two types of suspended particles are 
of particular interest to those whose 
activities in mining and smelting oper- 
ations are in the West, and in the non- 
ferrous field. The first of these is silica 
dust, which in a certain size range has 
a health hazard. On the Miller chart 
the range is given as from 10 microns 
with a lower limit somewhat indefinite, 
as there is a question mark showing at 
0.25 micron; others give the danger 
size range as from 5 micron to 4% 
micron. More particular mention will 
be made of this under a later division 
of this paper. The second type of sus- 
pended particle is white SOs:, (or 
SO;-2H.0) a so-called ‘fume,’ but 
in actuality a fog or mist that escapes 


4n such tremendous volumes particu- 


larly from our copper plant stacks. On 


—Miller’s chart the diameters of these 


SO; particles are given for the range of 
approximately 3 microns down to 14 
micron. One series of interesting in- 
vestigations of size of fumes for a num- 
ber of products such as ammonium 
chloride, sulphur trioxide, phosphorus 
pentoxide, sodium peroxide and the 
like, were carried out about 25 years 
ago by H. Remy® in Germany. He fol- 
lowed the size change from formation 
until it was ‘‘aged,” that is, agglomer- 
ation took place. He found these fume 
products aged very slowly after forma- 
tion about 14 micron in size and that 
on “aging,” that is agglomerating and 
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settling, they were somewhat over 
1 micron in size. It is to be interpreted 
that if the settling distance had been 
that of many feet instead of the inches 
of his glass vessel, the agglomerates 
would have still further increased in 
size to the upper limits we often detect 
on a slide of settled fume, that is, to 
3 microns or more. 


1ii—Dust and Fumes in 
Community and Individual 
Living 


One who worked around our Western 
mines and lead smelters about 40 years 
ago noted a general indifference to 
possible health dangers. There were 
cases of silicosis on the one hand and 
lead poisoning on the other, occa- 
sionally both in one individual. Similar 
plant visits today make one realize the 
great advances that have been made 
in today’s practice. Nevertheless, we 
still have a long way to go to reach 
desirable working conditions that are 
free of health hazards. Much of the 
betterment has come from understand- 
ing the necessity of proper ventilation 
and the installation and operation of 
proper equipment plus the equally 
vital understanding that cleanliness is 
an important consideration. Particu- 
larly around lead mines and smelting 
enterprises it is essential that simple 
health measures be enforced, such as 
the washing of hands before eating, the 
shower bath at the end of a shift, and 
changing and washing of underwear 
and work clothing. The reduction of 
incidence of lead poisoning by such 
measures is striking, and one has only 
to remember the poorly-kept plant of 
earlier years and compare it with an 
intelligently operated mine or plant of 
today to realize the change. 

The average productivity per man 
hour in a well-run lead smelter or lead 
mine or in the handling and treatment 
of relatively high silica carrying ores, 
is more than sufficient to cover the 
costs of good working conditions, and 
in not a few places makes the difference 
between a profitable and nonprofitable 
operation. . 

Where it is a matter of health hazard 
there is the greatest anxiety to be cer- 
tain and precise on the atmospheric 
content and character and state of sub- 
division of the suspended solids. In 
spite of a vast amount of endeavor, the 
development of many types of equip- 
ment and practices and procedures for 
particle counting and _particle-collec- 
tion weighing, there has resulted no one 
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method of procedure or equipment 
which may be called standard. Dust 
and fumes differ enormously in their 
collection characteristics, and while one 
type of equipment may give the most 
consistent and most accurate analysis 
of dust content in a given gas, it by no 
means follows that it will serve with 
equal fidelity on another type of sus- 
pended solid, or in a greatly changed 
set of conditions even with the original 
suspended solids. Therefore it may be 
said that there are some uncertainties 
still existing in reporting suspended 
solid concentration by any of the half 
dozen or more widely used types of 
apparatus. 

Added to the problem of equipment 
is that of whether the basis should be 
expressed as the number of particles in 
a given gas volume or the weight of the 
suspended solids. The problem may be 
visualized by considering 1 cm cube of 
quartz and subdividing it into cubes 
of 1 micron edge length. The original 
1 cm cube has 6 sq cm of total area 
while the equivalent mass in 1 micron 
cube has 6 sq meters and the number 
of micron particles becomes 10!” or a 
million million. On the basis of 100 
million particles per cf of air the 1 cc 
of the original quartz would be dis- 
persed in an air volume of 10,000 cf. 

Health authorities in investigating 
the hazards of occupation have leaned 
to the consideration of a count of num- 
ber of particles rather than weight on 
the basis that the relatively coarse 
particles and that portion of the fines 
below about 14 micron are not rela- 
tively reactive to lung tissue; the 
coarse, because the moist and hair-like 
lining of the air passages collects and 
removes them, and the very fine 
(44 micron and below) because they 
substantially conform to the charac- 
teristics of gases and move in and out 
of the lungs without chemical action 
with the tissues. 

In a practical sort of understanding 
the particle counters and the weight 
followers have agreed that 1 mg of 
crushed quartz material contains about 
300 million particles.® 

The count-the-particle investigators 
are largely responsible for our laws on 
permissible concentrations of dust par- 
ticles per cubic foot of air and such 
specifications are for particles which 
are less than 10 microns in diam as 
counted on microscopic fields. For 
example, the State of Illinois® through 
its health department specified per- 
missible limits of dust by count as 
follows: 

Total dust—50 million particles per 


cf of air. 

Free silica—5 million particles per cf 
of air. 

Asbestos—5 million particles per cf 
of air. 

Silicates—5 million particles per cf . 
of air. 

Alundum—15 million particles per cf 
of air. 

Carborundum—15 million particles 
per cf of air. 
Particles counted in microscopic field 
are limited to the all minus 10 micron 
sizes. Immediately after firing a blast to 
break rock in almost any hard rock 
mine a dust count will show about 
50 million particles per 1 cf and it is 
usually necessary to reduce this to 
around 10 million particles in order to 
keep to 5 million or under of silica. 
Such a specification as this involves 
extended studies in mine ventilation. 
Allowable settling periods, use of 
sprays, bags, filters and the like all help 
to reduce the particle concentration to 
an acceptable figure. It seems the old 
days of one shift a day at a mine, 
blasting at end of shift and allowing 
8 to 16 hr for workings to clear of dust 
particles resulting from the use of high 
explosives, are passing, and in our 
large low grade underground operations 
it is customary to work around the 
clock. Whereas in the old days a full 
shift was required to move the broken 
rock, substantially all by hand power, 
nowadays with a modern mucking 
machine the broken rock is removed in 
a couple of hours. Equally reduced is 
the drilling cycle and thus the oppor- 
tunity for natural settling of rock parti- 
cles is greatly lessened in comparison 
with the old days, and an acute prob- 
lem in maintenance of limited dust 
concentration confronts the modern 
operator of larger tonnage in the lower 
grade ore mines. 


IV—Means or Procedures 
for Dust and Fume Collee- 
tion. Both Test or Labora- 
tery Equipment and Com- 
mercial Installation in 
Mine, Smelter, Power- 
house and Factories 


The type of equipment effective for 
collection in commercial operations 
varies with the fineness of the sus- 
pended particles as will be noted by 
reference again to the Miller chart. 
That chart indicates 5 fundamental 
types of equipment, viz, (1) settling 
chambers (including wire-hung dust 
chambers), (2) Inertial or cyclonic 
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equipment (including baffled chambers 
and many types and kinds of cyclone 
collectors), (3) Spray chambers and/or 
scrubbers, (4) Filters (baghouses), (5) 
Electrical precipitators. A 6th, how- 
ever, is on its way, industrially, and 
that is supersonic precipitation. For 
test work, little use is made of cyclone 
equipment if very high or complete 
collection is the end object, but the 
other four procedures mentioned are all 
used in test and laboratory work and 
in a large number of modifications. 
Two additional procedures have had 
considerable study: (1) thermal pre- 
cipitation, and (2) impingement on a 
prepared surface with the particular 
object of counting the particles as they 
appear on a glass slide under suitable 
magnification. Impingement on liquid 
wet wall surfaces in a bath is also used 
for weight samples by health authorities. 

Due to the protracted discussion re- 
quired for any worthwhile review of 
the test methods proposed and used, 
which would unduly lengthen this 
paper, it is felt those particularly 
interested in this field should consult 
the extensive literature available.7:3:9.!° 

However, it is worth our while to 
consider some cost figures in com- 
mercial operations and respective effi- 
ciencies of the several types of collec- 
tion equipment. You will note on the 
Miller chart several small tables on the 
right giving draft loss, power require- 
ments and cost per 1000 cf of gas 
treated and, except for the cost item 
which needs to be doubled or more for 
today’s installation, the data are quite 
in line. 

It is cheapest to collect only the 
coarsest dust and here, if we can afford 
to pass everything on the order of 
100 micrograms and finer, a settling 
chamber is the most economic type of 
equipment. However, you will note 
from the Miller chart that 100 microns 


~ or 150 mesh is less than halfway along 


the range of usually suspended dusts 


“in the majority of industries. Note, for 


example, sulphide ore pulps from flota- 
tion, foundry dusts, cement, fly ash 


and the like. Of course such settling 


chambers have low draft losses and 
corresponding requirements for power 
are small (commonly a stack is suffi- 
cient) but, if a fan is required, it may 
be for 14 in. or less of draft loss and 
require 44 hp or less per 1000 cf of gas 
treated. As far as the writer knows, no 
enterprise having a modern dust prob- 
lem has attempted to solve it by 
settling chambers during the last 25 
years or thereabouts. Such settling 
chambers as are used today are inci- 
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dental—for example, a_ particularly 
large flue originally constructed and in 
anticipation of greatly increased plant 
size. One device, making use of the fact 
that decreasing the distance of fall in- 
creases collection, proposes a chamber 
with large number of superimposed 
shelves spaced a few inches apart—the 
Howard collector. At one time it was 
of particular interest to acid manu- 
facturers using pyrites to prevent 
pyrites cinder from reaching the Glover 
tower. However, the restricted spacing 
between plates resulted in much trouble 
from choking of passageways so that 
gradually their use was abandoned. 
Quite the contrary development has 
taken place with regard to inertial or 
cyclonic type of equipment. Special 
designs and modifications, almost with- 
out limit, have appeared during the 
last 15 to 20 years and many of these 
have added to the efficiency and range 
of fineness susceptable to collection by 
centrifugal equipment. Probably the 
most notable advance has been the 
recognition of the importance of de- 
creasing the diameter for increasing 
efficiency and offsetting the capacity 
loss per item of equipment by using a 
multiplicity of cyclone units instead of 
one on a given gas volume. A number 
of investigators have reported such 
studies in various technical society pro- 
ceedings or in the technical press, to 
which those desiring more details 
should refer.!!:!2.13 Some of these 
special cyclones do good work on parti- 
cle sizes appreciably below 10 microns, 
although there is also an escape of 
10 microns and minus 10 micron parti- 
cles. The basis of these newer studies 
on effect on recovery are well illus- 
trated by a table prepared by Evald 
Anderson! which sets up the increased 
gravitational pull as the radius of col- 
lector is decreased from a 10 ft radius 
to a 1.5 in. radius while maintaining, 
through all changes in radius, a 60 fps 
tangential velocity (Table 2). 


Table 2... The Centrifugal Sepa- 
rating Force in a Circular Gas 
Stream with a 60 fps Tangential 
Velocity for Different Radii, Ex- 
pressed in Terms of Gravity, that is, 
Gravity = 17 in. 


Radius of Curvature 
of Gas Path 


Separation 
Force 


agieda eve es wees veces eeee sie s 


The above appears almost too good, 
but as a practical consideration there 


must be taken into consideration the 
turbulence existing at the interface of 
the stationary cylindrical wall and the 
high-velocity centrifugally-moving gas 
stream. This is of considerable magni- 
tude and lowers the collection or sepa- 
rating efficiency. Pressure drop is an 
important consideration on all cen- 
trifugal equipment and in general, at 
least up to 6 or 8 in., efficiency is 
improved by increasing pressure drop. 
Commonly such equipment runs at 
pressure drops of 114 to 6 in., and 
doubling the cost figure given by 
Miller for 1000 cf of capacity is in 
order, viz, $200.00 to $400.00 per M. of 
gas treated. 


SCRUBBERS 


Of extraordinary extent of field of 
application, varying from simple to 
complex design, and from small to 
extraordinary large power requirements 
are spray chambers and scrubbers. 

Their service is, of course, limited to 
materials or products which it is per- 
missible to wet and collect as a sludge, 
and if ordinary steel is to be the 
structural material, then only to that 
type of gases with their suspended 
solids which are not acid, or if acid 
then with a continuous addition of 
neutralization agent as a protection 
against corrosion. The simplest of these 
starts with a spray in a flue or a stream 
of water running over grid or lattice 
work and ends at the combined cyclone- 
scrubber construction of Theisen,!* the 
Pease-Anthony!® and the very recent 
Venturi scrubber.!? Both the Theisen 
and the Venturi scrubber perform ex- 
cellent service on very fine materials 
such as the fines present with the dusts 
and fumes from black liquor furnace 
combustion of kraft paper mills, the 
fumes and fine dusts of open hearth 
steel manufacture, iron blast furnace 
gas and the like. Their handicap is the 
large power requirement to drive the 
special-bladed Theisen scrubber runner, 
or the power required to provide the 
pressure drop and high gas velocity in 
the throat of the Venturi scrubber. 

It will be noted in the Miller chart 
that the ‘‘ Mechanical Washer, Dis- 
integrators” cover the Theisen, and 
the latter is often known as a “‘dis- 
integrator.” The Theisen has an effi- 
ciency of recovery practically to the 
1 micron size and it will also be noted | 
the power requirements are on the 
order of 4-6 hp hr per 1000 cf. Many 
of the old Theisen washer-disintegrators 
handling iron blast furnace gas required 
power on the order of 500 to 1000 hp 
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and the gas leaving the Theisen dis- 
integrator was clean enough for use in 
gas engine operation. 

This Theisen scrubber was developed 
about a generation ago and, disregard- 
ing its heavy power requirement, has 
not been equalled by a scrubber of any 
other type up to very recently. How- 
ever, within the last few years the 
Venturi scrubber followed by a Pease- 
Anthony scrubber has shown a ca- 
pacity equal to the Theisen to collect 
fine particles, for example, soda fume 
from paper mill recovery furnaces, and 
fumes from reverberatory steel fur- 
naces, with an overall efficiency of 
around 98 pct. The equipment, how- 
ever, is about on a par with the 
Theisen as to power requirements and 
pressure drops—for example, on a 
paper mill, the combined Venturi- 
Pease-Anthony scrubber gas collecting 
sodium compounds, largely as fumes, 
and for a gas volume of some 45,000 
cfm, required an induced-fan motor 
unit of between 225 and 250 hp.'* The 
velocity of gases in the narrow section 
of the Venturi was about 300 fps and 
the pressure drop across the Venturi 
section something over 12 in. of water 
gauge. Its good efficiency is propor- 
tional to the power consumed, since 
the latter expresses the energy neces- 
sary to break up the water into inde- 
pendent small particles and it has been 
stated that, for good collection, the 
water particles should be reduced in 
size so that the diameter ratio between 
water particles and suspended dust or 
fume particle is not greater than 10 
diam for the water to 1 diam of solid 
particle. It is evident if one is trying 
to collect particles of 1 micron and less 
a very fine subdivision of the wash 
waters is required and both the Theisen 
and the Venturi do that very thing but 
at a corresponding expense for power. 

Packed towers (with coke or tile) 
have always given a good account of 
themselves but their efficiency is quite 
largely dependent on the pressure drop 
which again represents a power con- 
sumption to subdivide the water or 
increase its total surface, and the weak- 
ness of these packed towers is their 
tendency to choke with deposited solids. 

The simplest design of scrubber, a 
coarse spray in a tower, is a good gas 
cooler but, except for the coarser parti- 
cles of dust, is a poor collector. It uses 
relatively little power. 


FILTERS OR FILTRATION 


Filters or filtration, as a means of 
dust and fume recovery, are very widely 
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used throughout industry, largely as 
baghouses. The temperature limit is 
quite low—for cotton bags it should 
not exceed 200°F and for woolen bags 
250°F. Acid gases or corrosive com- 
pounds, of course, greatly shorten the 
life of bags but in very low concentra- 
tions or after partial neutralization, are 
encountered in many gases going to 
bag houses, for example, lead smelter 
gases. 

A newer material for bag manufac- 
ture has become available during the 
last 10 years and gives promise, indeed, 
of great future service. This is glass 
fiber cloth, and while the earlier ma- 
terial tended to plug, new methods of 
weaving and new physical types of 
thread appear to offer fabrics having 
the filtering characteristics of wool, 
that is, filtering on the surface rather 
than through the pores of the medium. 
Present price and delivery are perhaps 
drawbacks but undoubtedly the future 
use of material such as woven glass 
fibers for baghouse service will become 
much more general, both for large and 
small units. 

Bag house operation is generally on 
a basis of about 2 in. of draft loss but 
some are made to operate on 6 to 8 in. 
One difficulty is the passing of fume- 
like material through the bag weave at 
high pressure loss, while the same ma- 
terial may be satisfactorily collected at 
lower pressure drops, say 1 to 2 in. 
Cost of good baghouses or filter cham- 
bers are commonly less than electrical 
precipitators but still on the order of 
two to three times that of the best de- 
signs in centrifugal equipment. Filtra- 
tion with a nearly new bag properly 
coated with a filter layer of particles 
removed from the gas stream and at a 
reasonable pressure drop is nearly per- 
fect, that is, nearly 100 pct. The effi- 
ciency varies downward from this as 
the bags get old and worn, or as pres- 
sure drop is increased and as rapping 
or shaking of bags must be done to 
prevent buildup of flow resistance 


across the bag wall. In bag house oper- ° 


ation, where the bags are being shaken 
or rapped at regular intervals of time, 
there is usually to be noted a good 
“puff” to atmosphere as the rapping 
period starts. Some test work would 
indicate as very good practice a 95 pct 
collection efficiency, considered over a 
period of baghouse operation. 


ELECTRICAL PRECIPITATION 


The last of the commercial types of 
equipment to be discussed is the 
Electrical Precipitation of suspended 


particles in gases, perhaps as well 
known by the name of its inventor, the 
Cottrell process, after Dr. Frederick G. 
Cottrell, former professor of physical 
chemistry of the University of Cali- 
fornia, Berkeley. 

You will observe from Miller’s chart 
that its limit in degree of fineness of the 
material which it can collect far ex- 
ceeds any other device or method of 
collection considered. Tobacco smoke, — 
which is a tar fog, plus some carbon 
particles, is given a particle size of from 
0.15 down to 0.01 micron, individually 
far too small to be seen under the 
highest magnification of a microscope. 
It has been stated that in the visible 
cloud exhaled from a cigarette there 
are some 5 million particles of tar fog 
per cc. In a laboratory apparatus the 
instantaneous precipitation of such 
tobacco smoke is quite a striking dem- 
onstration of electrical precipitation. 

Strange as it may seem, the electrical 
phenomenon of precipitation as the 
result of a high potential direct current 
discharge and field, was a very early 
discovery. Hohlfeld, in 1824, noted that 
a bottle filled with smoke and with a 
wire led into the bottle through the 
cork, could be almost instantly cleared 
when the knob of a charged Leyden jar 
was made to contact the wire into the 
bottle. That was at a date in history 
in which electricity was truly still a 
mystery and the only known way to 
generate it was the rubbing of a glass 
or wax rod with a silk or wool cloth. 

As an industrial process it did not 
become of interest or successful until 
Cottrell, in the early years of this cen- 
tury,’ applied our modern electro- 
magnetic means of producing abundant 
high potential electricity. It is true a 
first effort was made at industrial 
application by Sir Oliver Lodge and 
associates in 1884-5, in attempting the 
precipitation of lead fumes in a lead 
smelter flue in Wales. His source of 
electrical power was a Wimshurst ma- 
chine (developed in 1881) of two 5-ft 
glass plates driven by a 1 hp steam 
engine. We know now that such a 
Wimshurst machine could energize only 
a few inches of a pipe electrode and 
that to handle successfully the gases 
from an average lead smelter requires 
thousands of feet of electrode pipe and 
perhaps 50 to 100 kw of installed high 
potential electrical equipment for serv- 
ice therewith. The conversion of high 
potential alternating current readily 
obtained from modern power plant 
equipment into direct current (true, of 
an intermittent or pulsating type) by 
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means of a synchronous rotating make- 
and-break switch, was a major con- 
tribution by Cottrell and by this means 
he was enabled to pass to his elec- 
trically insulated high potential dis- 
charge electrode the necessary power 
to provide the electron or corona glow 
essential for dust charging and static 
precipitation. 

While electrical precipitators for 
dust, fumes, mists and fogs have been 
built in a great variety of size, shape 
and outline designs, in essence they 
conform closely and are commonly 
either of plate or pipe design. The 
spacing between plates or the diameter 
of electrode pipes varies generally from 
6 to 12 in., is tied directly to the 
available or desirable high voltage, and 
the latter, for general working con- 
ditions, is specified in the range of 
50,000 to 100,000 volts. Always the 
high potential or discharging electrode 
possesses elements of small diameter, 
- that is, from a No. 16 wire up to 14 in. 
rod from which there is obtained an 
electron discharge, commonly visible 
as a corona glow. Such electron emis- 
sion produces a rupture stress upon the 
electrical neutral gas molecules im- 
mediately adjacent to the discharge 
electrode, and while the positive charge 
must fall into the negative discharge 
electrode, the negative charge, i.e., 
the electron charge attaches itself to a 
gas molecule and such charged gas 
particle under the strong electrical field 
between the discharge and collecting 
electrodes starts to migrate to the col- 
lecting electrode. As it encounters dust 
or fume particles it either gives up its 
charge thereto or the charged gas parti- 
cle is adsorbed or attached to the dust 
particle and thereby the suspended 
dust or fume particle is moved toward 
the positive or collecting electrode. 
Upon reaching the collecting electrode 
such charged dust particle should give 
up its charge and become grounded and 
form one particle of a cake which may 
later be rapped or shaken down-into a 
_ hopper beneath the plate electrode. 

The readiness of suspended particles to 
“receive a charge, to release such charge 
upon reaching the electrode of opposite 
polarity and the mechanical adherence 
of deposited particles, all are modified 
and are increased or decreased by con- 
ditions within the gas stream. There- 
fore for “poorly conducting dusts” it 
is common to ‘“‘condition” the gases 
and particles, that is, improve their 
collectability by adding to the gas 
stream such agents as moisture, acids, 
bases, salts, oils, and others. In general 
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each installation and the operations to 
which it is attached provide a special 
problem and require specific handling. 

With the provisions as outlined 
above, the field of collection of indus- 
trial dusts and fumes is broad indeed 
and the actual application and plant 
installation are ever widening and the 
units in service always increasing in 
numbers. 

Since its cost of installation is several 
times that of cyclonic equipment or a 
settling chamber, its use is justified 
only where the amount and value of 
recovered products are large or where 
the degree of gas cleaning is of the 
highest importance. Good examples of 
the latter are to be found in the gas 
cleaning necessary for contact acid 
manufacture from gas produced in the 
roasting of mineral sulphides, and the 


_ cleaning of iron blast furnace gas for 


use as a dust and fume-free fuel in 
stoves and coke oven retorts. 

One phase of electrical precipitation 
not covered in the preceding discussion, 
is its use in the purification of air for 
human habitations. Here the recovery 
in the precipitator may be bacteria, 
pollen and the like, as well as minute 
floating particles of solids and mists. 
Its construction and operation vary 
from those of the usual commercial 
plant by the use,of very much reduced 
spacing and corresponding voltage re- 
duction and the use of very fine wires 
for ionization and of a double plate 
field for the static collection of the 
charged particles. It is essential in this 
field that ozone and oxides of nitrogen 
be reduced below detectable amounts, 
which is accomplished by the relative 
low voltage and the use of a static field 
following upon a gas and dust-charging 
field. 


V—Description of Equip- 
ment of the Several Types 
Discussed Previously for 
Dust and Fume Collection 


SETTLING CHAMBERS 


In 1902 the Anaconda Copper Mining 
Co. completed a new copper smelter 
which, at that time, was the largest 
and the best equipped of any such type 
of plant in the world. In design and 
provision for the possibilities of the 
future, no plant built had had better 
engineering or more skill of design. 
Each unit of operation such as roaster, 
blast furnace, and converter depart- 
ment had its own stack and its own 
dust collection settling chamber. These 


chambers, approximately 40 ft wide, 
40 ft high and 260 ft long had a net 
height for dust settling of 30 ft, since 
about 10 ft from ground level a cham- 
ber floor was installed and below this 
was a system of tracks and means of 
dust removal and transport. Since the 
furnace feed, as compared with today’s, 
was relatively coarse, comprising crude 
ore and the output of the best of 
gravity mills of the day, the settling 
chambers gave a very good account of 
themselves on the basis of copper re- 
covery, but still there was a stack 
discharge which reached the valley 
areas well below the smelter level and 
several miles away, which brought on 
complaints of harm to livestock and 
growing crops. To secure still more pro- 
vision for settlement, for cooling and 
condensing of certain constituents and 
to discharge the smelter gases at a 
greatly increased height above the 
valley, a combined settling chamber 
and flue for the combined smelter gases 
was carried up a hillside, the lower 
section being 60 ft wide, 20 ft on its 
side walls, both sides sloping to the 
middle with an underground cleanout 
tunnel on the middle line with 36 ft 
from top of flue to top of tunnel. This 
lower section was built approximately 
1000 ft long and with a brick jack arch 
roof. The upper 1000 ft was made just 
twice as wide and twice the cross- 
section and with a steel top to promote 
condensation, particularly of the arsenic 
trioxide, the constituent of the stack 
gases to which most objection had been 
raised. This entire system of settling 
chambers and extended flues comprised 
about 6,000,000 cf of settling space and 
represented a heavy investment even 
for those days. Due to the acid charac- 
ter of the gases, the only other com- 
peting equipment of that date, the 
baghouse, was entirely out of considera- 
tion, and the system installed did 
represent the best of engineering and 
scientific application. 

Nevertheless the complaints con- 
tinued and the evidence of operation 
indicated the inability of a settling 
chamber to collect satisfactorily the 
“fumes” or volatilized and condensed 
metallic compounds such as the oxides 
of arsenic, lead and antimony. Years 
later, to bring the collection of all 
products up to a high degree of re- 
covery, an extended Cottrell or electri- 
cal precipitation installation was built 
to operate in series with and after the 
settling chamber system. Its collection, 
largely fumes, brought the overall re- 
covery of both dust and fume from 
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furnace to stack to the present highly 
efficient operation. 

An interesting modification or im- 
provement of the simple settling cham- 
ber is the wire-hung dust chamber of 
which the largest was that installed at 
the Boston and Montana Company’s 
Smelter plant at Great Falls, Montana, 
in 1908 or 1909.29 As a matter of fact 
a wire-hung dust chamber is really a 
combination of a settling and an 
inertial type of recovery equipment, 
since the gas stream in striking the wire 
must sharply turn while the dust parti- 
cles move forward and strike the wire 
surface, yielding their energy thereto 
and falling. This wire-hung dust cham- 
ber was 177 ft wide, 367 ft long, 21 ft 
high. It had a completely hoppered 
bottom (over 1000 hoppers) with wires 
attached to and guided by heavy 
screens of about 2 in. mesh. Over one 
million wires in two banks were hung 
in this chamber. A mechanical rapping 
device was provided for the suspended 
system of vertical wires. Its collection 
efficiency, on total solids, was about 
314 times that of the simple open dust 
chamber and it undoubtedly collected 
more efficiently on the finer fractions; 
but in course of time, due partly to 
shutdown periods and consequent cor- 
rosion, it was found too expensive to 
maintain the wire hung feature of con- 
struction and the wires were removed. 
This settling chamber, without its 
wires, operated for a number of years 
but eventually was replaced by a 
Cottrell, the latter making use of 
hoppers and supporting steel work of 
a portion of the old chamber. 


INERTIAL OR CENTRIFUGAL 


For the inertial or centrifugal type of 
collectors it is proposed to discuss 
briefly three installations, two on boiler 
plant gases and one on converter dust 
recovery. 

Modern combustion of coal in a 
power house required the coal to be 
finely ground and then burned in sus- 
pension. This results in most -of the 
ash appearing in suspension in the 
gases as finely divided small spheres, 
some hollow, and of which a fair pro- 
portion—say a third—may be in the 
size range of 1 to 10 microns. The 
percentage of the ash leaving the boiler 
as so-called ‘fly ash”’ is usually better 
than 80 pct of the total ash and occa- 
sionally some plants get into the 90 pct 
class of ash to stack gases. While the 
huge central station plants with their 
requirement of overload for limited 
periods have generally, in the past, 
used electrical precipitators, some of 
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the new plants today are choosing a 
combination of cyclonic tubes followed 
by an electrical precipitator. This me- 
chanical collector between the boiler 
and the precipitator, for a 1,000,000 lb 
per hr boiler with over 400,000 cfm of 
flue gas, comprises a series of Multi- 
clone units all operating in parallel from 
a common flue of boiler width, there 
being 5 units of Multiclones, each unit 
with 156 tubes in parallel position, the 
tubes being of a uniform inside diameter 
of 9 in. and each tube provided with a 
stationary cyclonic vane at its top and 
inlet heading. 

Plants of an industrial nature are not 
usually so severely restricted as to 
amount of emission and an example 
without the auxiliary electrical pre- 
cipitator, in series, is a sugar mill at 
Vancouver, B.C. It is an excellent 
example of a reasonable efficiency uti- 
lizing a small-diameter type of cyclonic 
collector with a multiplicity of tubes. 
The gases derived from three boilers 
at this Vancouver plant and totaling 
approximately 70,000 tc 80,000 cfm, 
pass to a battery of Multiclone units, 
each unit of 30 tubes and each tube 
9 in. in diam. A system of dampers is 
provided for the Multiclone units so 
that as a boiler is taken off or put on 
the line the number of Multiclone units 
in service can be proportionately varied. 
Normally the pressure drop across the 
Multiclone is maintained at 2 to 3 in. 
of water column. The pulverized coal 
is of local supply of relatively high ash 
and usual efficiency is on the order of 
85 pct. 

Multiclones with a larger diameter of 
tube, that is, 16 in. diam tubes have 
found service at several copper smelter 
converter installations in the West. As 
an example, there may be taken the 
installations at the McGill, Nevada, 
Smelter of the Kennecott Copper Corp. 
Here 4 units of Multiclones, each of 
45 tubes 16 in. in diam are installed to 
serve three converters. The gas volume 
approximates 273,000 cfm at 600°F. 
For movement of the gases through the 
flue system and to supply the approxi- 
mately 3 in. pressure drop across the 
Multiclones, a large induced draft fan 
is located on the exit flue from the 
Multiclone units and is driven by a 
150 hp motor. Due to the corrosive 
nature of converter gases at lowered 
temperature, ample heat insulation has 
been provided, mainly in the form of a 
rock wool blanket 4 in. in thickness. 
On the copper content only of the con- 
verter dust and fine discharge, the 
Multiclone collects 90 pct or better but 
on the overall of dust and fume the 


collection is considerably below the 
copper collection. 


FILTRATION 


The third method of dust collection > 
to be illustrated by plant example is 
that of baghouse and we have selected 
two baghouse installations; one at a 
copper smelter and one at a lead plant. 

While present-day practice does not 
favor a baghouse on copper plant gases 
but does favor its use at lead reduc- 
tion works, it is of interest to note an 
example of a baghouse installation on a 
copper plant works which for its day 
and time was a signal success. Early in 
this century the Mammoth Smelting 
Co. at Kennett, California, operated a 
copper smelter of 4 blast furnaces and 
2 converters. The copper ore, a sul- 
phide, also carried enough zinc so that 
the gases were approximately free of 
SO; or H,SO, and, by lowering the 
temperature by radiation-cooler pipes, 
plus further cooling by dilution with 
outside air, successful operation on the 
baghouse was obtained. The installa- 
tion of the baghouse was not necessi- 
tated by plant requirements as the 
collected product was not returned to 
furnaces, and unless it has been washed 
away or dissolved by the rains since 
the plant was shut down about 30 years 
ago, it is still on hand at the smelter 
site. Its construction was due to a de- 
sire of the smelter company to meet 
the objections to smelter dust fall from 
communities in the upper end of the 
Sacramento Valley. 

The gases from the furnaces aver- 
aged about 600°F and were passed to a 
radiation cooler consisting of a number 
of 2-ft pipes operating in parallel, which 
discharged to the inlet flue of the 
baghouse. Into this same header flue a 
fan forced outside air and the resulting 
air-smelter gas mixture was maintained 
at about 200°F. The baghouse dis- 
charged to atmosphere through the 
5 large square stacks. Approximately 
3000 woolen bags, 18 in. diam by 35 ft 
high were installed in the baghouse and 
the gas volume, as cooled and diluted 
to approximately 200°F, amounted to 
350,000 cfm. The tonnage of ore 
smelted amounted to approximately 
1000 tons per day, and the baghouse 
collection to 18 to 20 tons per day. 

Typical baghouses for lead smelter 
service have been described by several 
authors and the one in service at 
Murray Smelter”! in the Salt Lake area 
is representative of good design and 
good construction. The housing for the 
bag sections is of heavy brick construc- 
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tion and has outside dimensions of 
216.5 ft long, 90.5 ft wide and a height 
to roof trusses of 51.5 ft. The lower 
16 ft of wall is 21 in. thick, the next 
18 ft 17 in. thick and the remaining 
height 13 in. wall. Forty-eight brick 
buttresses are spaced along the walls 
and add stiffness and rigidity to con- 
struction. There are four bag compart- 
ments separated by brick partition 
walls from floor line to roof trusses. 
Each compartment below the chamber 
floor is separated into 4 divisions by 
brick walls, each with its own cleanout 
door. Installed in the four compart- 
ments is a total of 4032 bags, each 
bag 18 in. diam and 30 ft long and 
these bags are made of wool to very 
careful specifications. As originally 
built there was provided 570,012 sq ft 
of filtering area to handle 165,000 cfm 
of gas or at the rate of 3.45 sq ft of bag 
surface to 1 cf gas per min. Mechanical 
rapping or shaking of the bags was pro- 
vided at their top ends. 

Some later and smaller baghouses at 
lead smelters have been able to increase 
greatly the ratio of cfm per square 
foot of area by means of fully auto- 
matic operation of damper and bag 
shaking, some reporting a ratio of 
1 to 1. In the case of a true fume such 
as arsenic or lead, however, increasing 
velocity through the filter cloth open- 
ings tends to cause increased escape of 
unagglomerated particles, and so in- 
creased economy of investment is offset 
by somewhat lower efficiencies. How- 
ever, it is to be recollected that bag- 
houses at lead smelters are as much a 
consideration for employee and com- 
munity health as they are an invest- 
ment in equipment to provide an 
economic return, and therefore are 
always planned for relatively ample 
capacity and high efficiency. 


SCRUBBERS 


~The fourth means of collection, that 
is, scrubbers, ‘‘disintegrators,”’ and the 
like, making use of water as a medium 
to collect fume and dusts, have rarely 
‘found practical use at lead and copper 
works except for the small volumes 
encountered in silver and gold refining, 
and this, no doubt, has been largely 
due to the corrosion hazard. More than 
half a century ago, around iron blast 
furnaces, they received much attention 
and many units were installed. The 
combined inertial and wetting pro- 
cedures used, for example, the Theisen 
disintegrator gas washer, were the most 
efficient collectors on the market and 
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collected not only the dust, but also 
the zinc and alkali fumes which often 
appear in the iron blast furnace gases. 
In principle, this Theisen scrubber is a 
fan with the usually solid blades re- 
placed by perforated plates or a heavy 
screen mesh. Water is introduced with 
the inlet gases near the center of the 
fan runner and is broken up into fine 
particles in passing through or from 
center to periphery of runner. To col- 
lect particles of dust and fume, the 
water particles must be on the order of 
not over 10 times the diameter of the 
dust or fume particles and where parti- 
cles of around 1 micron or less are to 
be collected, an enormous subdivision 
of water particles is required and this 
subdivision requires extraordinary high 
power consumption. In the older steel 
works of continental Europe, often the 
largest power unit of the works was 
attached to the Theisen washer and 
from 2 to 10 hp per 1000 cf of gas 
treated was the rule. The Theisen 
disintegrator, however, did prepare 
iron blast furnace gas for combustion 
in gas engines with a content in solid 
suspended particles not far from that 
of outside air. Today their use has 
greatly decreased, the same degree of 
cleaning being secured by a film type 
of electrical precipitator with a power 
consumption only a few percent of that 
of the Theisen. Nevertheless, it should 
be noted that at the time of its first 
introduction, 50 years or more ago, it 
was an outstanding success and for the 
service it rendered over a generation 
or more, no other equipment of that 
period was in its class. 

However, within the last few years 
a new scrubber has been brought on 
the market, known as the Venturi!’ 
which, combined with the Pease- 
Anthony scrubber!* shows reported 
efficiencies on the order of 98 pct on 
paper mill fume. On reverberatory open 
hearth waste gases containing fumes 
and the like, equally good efficiencies 
have been reported. In the Venturi 
scrubber a high velocity of gas stream 
is maintained at the throat, about 250 
to 300 fps with a corresponding pres- 
sure drop across the throat section 
approximating 12 in. of water column. 
A series of water connections surround 
the throat of the Venturi, and in the 
throat conditions are such that an 
extraordinarily violent turbulence is 
set up, sufficient to provide for the 
wetting and collection into the moving 
water gas mixture, of the dust and 
fume particles suspended in the gas 
stream. From the Venturi the gases 


either pass to a simple cyclone for 
separation of water particles and gas, 
or to a Pease-Anthony scrubber, which 
is a cyclone with tangential gas en- 
trance near the bottom and a central 
column with an array of spray heads 
discharging in such a manner that the 
longest possible path in the cylindrical 
shell is obtained for spray discharge 
and passing the gas stream. On paper 
mill (soda) fume, the Venturi alone has 
been reported as collecting approxi- 
mately 90 pct and the combined 
Venturi and Pease-Anthony 98 pct of 
the suspended fumes in the gases. The 
latter figure and also that for the com- 
bined Venturi-Pease Anthony have 
been reported on an open hearth re- 
verberatory with oxygen in the bath, 
the latter to speed the refining oper- 
ation at top temperatures. The draw- 
back of the Venturi scrubber, like that 
of the Theisen, is the high power con- 
sumption required for induced fan and 
to provide the throat velocity or the 
pressure drop across the Venturi and 
the Pease-Anthony. About 220 hp was 
used on the reverberatory tests han- 
dling approximately 45,000 cfm. Should 
it prove practical to reduce the power 
consumption without decreasing the 
efficiency appreciably, this type of 
scrubber should have most excellent 
industrial possibilities. 

Excepting these two types of Theisen 
and Venturi which do collect fume, the 
general run of scrubbers is used on dust 
particles (say, 100 to 1000 times the 
weight of a fume particle) and there 
they do acceptable work with relative 
low power consumption. Probably best 
in practice are the countercurrent tile- 
packed towers, although commonly 
these require periods of special flushing 
or cleaning to prevent choking and 
buildup. They are generally planned 
for a 1 to 3 in. pressure drop across the 
tile sections but with only a small 
buildup of mud or caked material will 
promptly double or triple their pres- 
sure drop. 

On hot gases and series operation of 
two or more spray chambers, the first 
at a higher temperature, the second 
cooling the gases below dew point, it is 
practical to vaporize more moisture 
into the first chamber than the gases 
can retain in the cooler conditions of 
the second spray chamber with the 
result of the condensing out of a pro- 
portion of the water vapor produced in 
the first chamber. Such condensed pre- 
cipitates make use of fine particles of 
dust and fume as nuclei for their con- 
densation and thus permit of high effi- 
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ciencies. On a calcining kiln, where 
only a fine dust escaped. a reported 
97 pct removal of suspended solids in 
gases was reported in this manner of 
operation. 

The great objection to scrubbing in 
general is the need to care for large 
volumes of water containing a rela- 
tively small amount of solids. Thicken- 
ers, filters, storage tanks and extensive 
pumping and piping are commonly re- 
quired to complete a properly oper- 
ating plant. 


ELECTRICAL PRECIPITATION 


We now come to the fifth and last 
method under discussion for dust and 
fume collection, viz, Electrical Precipi- 
tation. So many plants have been de- 
scribed in the literature that it seems 
questionable if anything new may be 
offered here. However, we propose to 
describe briefly two types of precipi- 
tators: (1) that aimed at collection of 
large quantities of dust or dust and 
fume, and (2) that aimed at the final 
cleanup of a gas so that such cleaned 
gas may be advantageously used in 
further processes or equipment. 

For the first classification above, it 
is proposed to describe an electrical 
precipitator recently installed at a 
cement plant in the South, and a power 
plant precipitator going into service in 
the near future. For the second classifi- 
cation above or purification of gases it 
is proposed to describe a plant installed 
to “fine’’-clean iron blast furnace gas 
and a plant to clean roaster gas for 
contact acid manufacture. 

The cement plant of the Universal 
Atlas Cement Co. at Leeds,?? Alabama, 
is not far from the center of the town 
and while producing only at a mini- 
mum or average capacity did not dis- 
charge from its stack an objectionable 
quantity of dust. Along with the war 
and the aftermath of war, with its huge 
demand for cement, came the necessity 
to increase to the limit the plant’s 
capacity to produce and, with this in- 
crease, came immediate evidence of 
greatly increased dust discharge from 
the stacks. To meet the desired reduc- 
tion in stack emission of solids a three- 
unit precipitator was installed, each 
unit to handle 100,000 cfm at the pre- 
vailing temperature of approximately 
700°F. The actual efficiency for slightly 
less than the rated gas volume was 
94 pct or better. Each of the three 
units of precipitator are provided with 
three sections or electrode banks in 
series, the first two sections being of 
15 gas passageways or ducts on 8 in. 
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centers and the last section of a V or 
pocket type with 12 gas passageways 
or ducts on 10 in. centers. Each col- 
lecting electrode approximates a dimen- 
sion of 8 by 18 ft, the discharge elec- 
trodes being square twisted rods 14 in. 
in diam in a supporting frame. Six 
special electrical units each with a 
75,000 volt transformer and mechanical 
rectifier serve the installation. Auto- 
matic or push button controls are pro- 
vided for all operating equipment 
including rapping both discharge and 
collecting electrodes, dampers, screw 
conveying equipment and the like. The 
return of the dry dust to a wet process 
plant is always a difficult problem and 
here 55 pct of the collected dust is 
returned as a dry feed to the center of 
a vortex of slurry just as it enters the 
feed pipe to kiln. 

Power plants and boiler sizes are 
ever growing larger and in some of the 
newer power plants gas volumes exceed 
anything but those of our very largest 
copper smelters. The boilers of huge 
size now being installed are possible 
because of powdered fuel combustion 
developments and since, in powdered 
fuel plants, the major portion of the 
ash is suspended in the spent gases 
from boiler and normally passing to 
stack, collection equipment for ash 
particles has become an essential re- 
quirement. Electrical precipitation is 
generally favored because of the degree 
of fineness, (20 to 50 pct minus 10 
microns) of the ash and the fact that its 
collection is dry, thus avoiding a cor- 
rosion problem. 

At the present time there is under 
construction a power plant involving 
three boilers each of one million lb 
steam evaporation per hour and each 
producing somewhat under 14 million 
cf of gas as measured at exit of air 
heater at approximately 300°F. Each 
boiler gas discharge has its own collec- 
tion installation and a brief description 
follows: The collector is a combined 
inertial and electrical precipitator in 
which the electrical precipitator for 


each boiler is preceded by a Multiclone _ 


installation as described under the 
heading of inertial or centrifugal equip- 
ment. The precipitator for each boiler 
is divided into five units, each with an 
outlet damper and each precipitator 
unit consists of 15 gas passageways or 
ducts, and while only one section long, 
each duct carries three collecting plates, 
each plate 3 ft wide by 16 ft high with 
2 ft of settling and agglomerating 
space between each two plates in the 
direction of gas flow. The duct width, 


or from center to center of two collect- 
ing plates, is 9 in. Discharge electrodes 
consist of the usual square twisted 
1¢ in. bars. The gas volume per boiler 
is 400,000 cfm at prevailing tempera-_ 
ture of 325°F and the total for three 
boilers is 1,200,000 cfm at 325°F. For 
the three-boiler plant there is a total 
of 2340 Multiclone tubes preceding the 
precipitator and a total of 225 gas 
passageways or ducts in the electrical 
precipitator. This gas volume is larger 
than the usual nonferrous metallurgical 
plant except for several of the very 
largest copper smelters. Eventually the 
power plant will have a fourth and a 
fifth boiler, each of one million lb per 
hour production of steam or perhaps 
even larger—a million and a quarter is 
even under discussion. 

From collection of the major portion 
of a nuisance waste at a power plant 
with a huge gas volume, we turn now 
to a plant handling a much more 
limited gas volume, a mere 100,000 
cfm, but which is required to clean the 
gas almost to the equal of outside air, 
that is, to 0.007 grain per cf or better. 
This is entirely an operation of purifi- 
cation of the gases and the recovered 
material, mostly fume, is of no value 
or use. 

Modern steel works find it profitable 
to have the cleanest obtainable fuel 
gas from iron blast furnace operation 
in order (1) to prevent slagging of the 
checker work in the stoves, (2) to per- 
mit closer packing of refractory brick 
in stoves, (3) to permit satisfactory 
operation of automatic air and gas 
regulators on blast furnace stoves and 
of fuel at coke oven plants without 
danger of slagging the brick work. All 
this they obtain with a train of collec- 
tion equipment on the gases coming 
from the iron blast furnace top. The 
train consists of (1) a dry dust catcher 
or chamber where the very coarse dust 
is caught and where dust concentration 
is reduced from around 12 grains per cf 
to around 3 or 4 grains per cf. (2) The 
gases then enter a scrubber provided 
either with a checker work of wooden 
strips or a series of sections of tile 
packing with heavy coarse sprays at 
top and commonly at two or three 
intermediate points with gases passing 
upward and water downward, that is, 
countercurrent operation. The gas 
entering the scrubber has a concentra- 
tion of 3 to 4 grains and the gas leaving 
the scrubber has a concentration in 
solid suspension of 0.25 to 0.3 grain. 
From the scrubber the gases enter the 
precipitator and are cleaned in the 
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precipitator down to a concentration 
of approximately 0.007 grain per cf. 
This reduction in suspended solids of 
0.3 to 0.007 corresponds to an efficiency 
of 97.7 pet. From the precipitator the 
clean gases go to the receiver and to 
special services where extreme cleanli- 
ness is desired. The gas volume at 
precipitator approximates 100,000 cfm 
and 4 units of precipitator are placed 
in two circular shells, each with a divi- 
sion wall down its center. Each unit has 
126 pipe electrodes 8 in. in diam by 
15 ft long or a total for the 4 units of 
504 tubes. Three electrical sets, each 
25 kva, with 75,000 volt transformers 
supply the special direct current re- 
quired for precipitator operation. 

A second field where electrical pre- 
cipitators are used in the purification 
of gases is in the manufacture of 
sulphuric acid by the contact process 
with the SO: derived by combustion of 
the usual run of sulphide ores or sul- 
phide concentrates—commonly zinc, 
iron, or copper sulphides or mixtures 
usually with minor amounts of arsenic, 
antimony, lead and the like. 

Arsenic oxide, and some of the other 
constituents, poison the platinum cata- 
lyst and others merely coat over the 
active mass, so it is necessary to have 
the gas, before going to the SO2 to SO; 
converters, cleaned down to a few parts 
in 100,000 of arsenic figured as AS.O; 
and as grains per cf. This is accom- 
plished by a thorough wetting and 
cooling of the roaster gas in towers 
and scrubbers of various design, occa- 
sionally a packed tower is required, and 
the passage of the gas at 80 to 100°F 
to a lead type precipitator. The gases 
reaching the precipitator are fully satu- 
rated with water vapor and contain in 
addition mist particles of very weak 
acid. These latter usually contain the 
minute particles of arsenic probably as 
the nuclei of mist particle formation. 
“Tn one acid plant with a gas volume 
of about 7500 cfm at the prevailing 
‘temperature of 80 to 100°F, a precipi- 
tator was used consisting of 72 pipes, 
70 of these 10 in. in diam by 12 ft long 
_and two pipes carrying stiff rods to 
lower grid, 13 in. diam by 1214 ft high. 
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The actual precipitate was a very light 
liquid sludge which drips from pipes 
and eventually finds its way to a waste 
sump. One electrical set with a 75,000 
volt transformer and two mechanical 
rectifiers (one a spare) serves the pipe 
section. The discharge electrodes are 
lead-covered iron wires in a star cross- 
sectional design and held straight and 
true by lead weights. Many lead pipe 
units of the same general design are 
used at acid-concentrating plants such 
as are to be found at munitions works 
and occasionally at chemical and oil 
works. Both material savings and im- 
provement in health conditions are de- 
rived benefits from the precipitator 
operation on waste acid gases. 


Conclusion 


It may be true we have tried to 
cover too much, too sketchily in this 
paper. However, it is thought the ob- 
ject in view, viz, to acquaint our mem- 
ber engineers both with a birds-eye 
view of the problems of collection of 
suspended dusts and fumes as a whole 
and also to offer enough of the practical 
in description of types of equipment 
and specific installation as will permit 
of fair engineering visualization, has 
been reasonably well accomplished. It 
is recognized that books have been 
written and more are in prospect on 
particular phases of the subject matter 
here handled and that is as it should 
be, for truly to meet the modern re- 
quirements in dust and fume control 
in mines and mills, in industrial plants 
and smelters, will require some techni- 
cal knowledge of the problem by nearly 
all engineers and a great deal on the 
part of those directly involved in col- 
lection. Also this latter class in industry 
will constitute a staff many times that 
of today and the expenditure for equip- 
ment will approximate hundreds of 
millions and this is limited to the near 
continental area of our United States. 
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Introduction 


The phenomenon of recovery of cold- 
worked metals is interesting not only 
because of its practical importance but 
also because of its fundamental signifi- 
cance in solid state reactions. Although 
extensive investigations!” have already 
been made in an attempt to discover 
the mechanics of the recovery process, 
many of the observations have not yet 
been satisfactorily correlated to pro- 
vide a completely consistent model for 
the process. The wide differences in the 
recovery rates of various properties can 
be cited as a typical example of one of 
the difficulties that are encountered. 
Frequently, for example, the electrical 
resistance will have almost completely 
recovered before any recovery in tensile 
strength can be detected. Of course, 
such differences in the recovery rates 
of different properties might be ex- 
plained by assuming that each property 
is a unique function of the work- 
hardened state, and consequently each 
property exhibits its own unique re- 
covery rate. The assumption that differ- 
ent properties are uniquely related to 
the work-hardened state cannot be de- 
nied. On the other hand, the properties 
that recover at different rates often 
exhibit more or less parallel changes 
upon work-hardening. This suggests 
that the microstructural changes at- 
tending recovery are not exactly the 


reverse of the changes attending work- 


hardening. Several types of imperfec- 
tions must be postulated in order to 
account for this apparent anomaly. 
The different recovery rates for various 
properties, then, are due to the differ- 
ent recovery rates of the type of imper- 
fection to which each property is most 
sensitive as well as the unique de- 
pendence of each property on the cold- 
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worked state. This concept assumes 
that a simple model of the work- 
hardened state consisting only of one 
type of imperfection, such as Taylor’s 
type of dislocation patterns, is inade- 
quate to cope with the diversified 
phenomena attending work-hardening 
and recovery. 

Although current models for the 
work-hardened state are not useful for 
describing all aspects of the recovery 
process, the general trends of the re- 
covery of each postulated type of im- 
perfection as a function of time and 
temperature should be at least qualita- 
tively deducible from the rather well 
developed laws of kinetics of reactions 
in the solid state. Consequently, re- 
covery data might prove useful for 
elucidating some aspects of the com- 
plexities of the work-hardened state of 
metals. A preliminary attempt to study 
work-hardening by investigating re- 
covery rates of cold-worked metals is 
outlined in the following pages of this 
report. 


Experimental Procedure 


Many properties recover when cold- 
worked metals are annealed below their 
recrystallization temperature. There- 
fore, electrical resistivity, thermal elec- 
tromotive force, X ray diffraction line 
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widths, X ray diffraction line intensi- 
ties, elastic spring back, density and 
other physical and chemical properties 
have been used to study the recovery 
process. Major interest, however, has 
generally been directed toward the re- 
covery of the mechanical properties 
such as hardness, yield strength, and 
tensile strength. But a search of the 
literature suggests that the effect of 
recovery on the true stress-true strain 
curve has been neglected, in spite of 
the current recognition of the funda- 
mental importance of such an investi- 
gation. An investigation on the effect 
of recovery treatment on the true 
stress-true strain curves in tension, 
therefore, was undertaken in the pres- 
ent study. 

Commercially pure aluminum (99. + 
pet Al) in the form of 0.100 in. thick 
rolled sheet of 2S-O aluminum alloy 
was selected as the material for this 
investigation because rather extensive 
correlatable data are already available 
on the recovery of some of its proper- 
ties. Tensile specimens having a 6 in. 
long gauge section and a uniform re- 
duced section width of 0.500 in. were 
machined from the sheet in accordance 
with a design that has previously been 
reported.’ All specimens were selected 
with their axes aligned in the rolling 
direction. In order to eliminate the 
effects of previous work-hardening and 
the effects of machining, the specimens 
were annealed for 15 min. at 750°F 
before testing. 

During tensile testing the loads were 
measured by means of a proving ring 
(sensitive to 14 lb) in series with the 
specimen.* Strains were determined 
from the extension of a rack and pinion 
strain gauge sensitive to a strain of 
+0.0001. The stress was recorded as 
the true stress, namely 
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FIG 1—Recovery of 2S-O alloy at 90°F after a prestrain of 0.092. 
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FIG 2—Recovery of 2S-O alloy at 212°F after a prestrain of 0.092. 


Load 
Instantaneous Area 


Stress = 


and the total true strain was evaluated 

by 

Instantaneous Length 
Initial Length 


The true plastic strain was then calcu- 
lated by subtracting the known elastic 
component from the total true strain. 


Strain = log, 


Experimental Results 


Several typical experimental results 
-are given in Fig 1 to 4 in the form of 
true stress-true plastic strain curves. 
The upper curve of each figure is the 
work-hardening curve for the annealed 
_ specimens. The remaining curves were 
obtained from specimens that had been 
strained to ¢ = 0.092 at atmospheric 
temperature, recovered for the recorded 
time and temperature, and then re- 
tested at atmospheric temperature. 
Only a few representative data are 
shown in Fig 1 to 4. Other prestrains 
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(0.048 and 0.125) and intermediate 
times of annealing yielded analogous 
results. 


Discussion of Results 


The data recorded in Fig 1 reveal 
that cold-worked aluminum recovers 
upon annealing at 90°F. The recovery 
rate is quite rapid initially, but it 
ceases before complete recovery of the 
initial flow stress is achieved. It is 
significant to note, however, that upon 
restraining only the initial flow stress 
appears to have recovered, and after 
an additional strain of about 0.04 the 
stress-strain curve of the recovered ma- 
terial coincides with that of the virgin 
annealed specimen at the same total 
strain. Consequently those imperfec- 
tions that are readily activated at this 
low recovery temperature are readily 
reintroduced upon restraining. The 
exact coincidence of the latter portion 
of the stress-strain curve of recovered 
specimens with the curve for the virgin 


annealed material at the same total 
strain suggests that the work-hardened 
states in the two cases are substantially 
identical. 

As shown in Fig 2 the phenomenon 
of recovery at 212°F is qualitatively 
analogous to that which occurs at 90°F. 
The only significant difference is that 
a greater amount of recovery of the 
initial flow stress results at the higher 
annealing temperature. Nevertheless 
the constant value of the initial flow 
stress is yet above that for complete 
recovery. 

The term metarecovery will be used 
to describe the type of recovery ex- 
perienced by cold-worked aluminum 
28-O alloy upon annealing at 90 and 
212°F. Metarecovery, then, consists of 
the removal of readily activated imper- 
fections at low recovery temperatures. 
The removal of these imperfections 
causes an appreciable decrease in the 
initial flow stress; they are again 
readily restored upon restraining. After 
small additional strains (about 0.04) 
have been imposed on the recovered 
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FIG 3—Recovery of 2S-O alloy at 300°F after a prestrain of 0.092. 
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FIG 4—Recovery of 2S-O alloy at 400°F after a prestrain of 0.092. 


TRUE STRESS 


TRUE STRAIN 


FIG 5—A method of evaluating the amount of orthorecovery. 
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specimen it responds plastically in a 
manner identical with that of a virgin 
specimen which has been deformed to 
the same total strain. Metarecovery 
takes place at a high initial rate but 
the specimen soon acquires constant 
plastic properties before complete re- 
covery occurs. The amount of meta- 
recovery, as dictated by the reduction 
in the initial flow stress below the value 
in the work-hardened specimen, is 
greater the higher the annealing tem- 
perature. Two possible interpretations 
can be ascribed to this observation. If 
the type of imperfections that are re-. 
moved ‘upon metarecovery do not 
interact with each other, they must 
individually have activation energies 
for recovery over a broad band of 
values. The imperfections having the 
lower values of activation energies are 
then removed at the lower annealing 
temperatures, whereas higher annealing 
temperatures are required to remove 
those imperfections that have higher 
activation energies. In this way it is 
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possible to account for the early termi- 
nation of metarecovery before com- 
plete recovery is achieved. On the 
other hand, the imperfections might 
exhibit interactions such that the acti- 
vation energy for metarecovery is a 
function of the density of the imper- 
fections. In order to account for the 
observations it must be assumed that 
the activation energy for recovery in- 
creases rapidly with a decrease in the 
density of imperfections. The present 
evidence does not permit identification 
of which of the two alternate mecha- 
nisms of metarecovery is correct; it is 
interesting to note, however, that only 
the second mechanism is compatable 
with recovery of Taylor’s stable pat- 
terns of edge type dislocations. *—}° 

The stress-strain curves given in 
Fig 3 and 4, for specimens annealed at 
300 and 400°F, appear to be slightly 
different from those shown in Fig 1 
and 2. They not only exhibit the previ- 
ously described metarecovery, as indi- 
cated by the decrease in the initial flow 
stress after annealing, but they also 
show permanent effects of the anneal- 
ing treatment. The flow stress after 
recovery at these higher temperatures 
never-acquires the same value as the 
flow stress of the virgin material at the 
same total strain. Beyond an addi- 
tional strain of about 0.05 after recovery 
treatment at these higher tempera- 
tures, the stress-strain curves for the 
recovered specimens fall below but 
parallel to that for a virgin annealed 
specimen at the same total strain. It 
will be convenient to describe this type 
of recovery as orthorecovery. Two im- 
portant characteristics serve to dis- 
tinguish orthorecovery from metare- 
covery. First the true stress-true strain 
curve of a material which has keen 
subject to orthorecovery is below that 
for the virgin material at the same total 
plastic strain for all strains. And 
~ secondly, whereas orthorecovery ap- 
_ pears to continue until complete resto- 
ration of the annealed properties is 
achieved, metarecovery practically 
ceases far short of complete recovery. 
-This conclusion is immediately appar- 
ent when it is noted that even after 
annealing 2466 hr at 300°F or after 
664 hr at 400°F additional ortho- 
recovery is yet occurring. 

It is not immediately apparent as to 
how a quantitative measure of ortho- 
recovery might be obtained. It might 
be thought that shifting the stress- 
. strain curve of a partially recovered 

specimen to the left would bring the 
latter portion of the stress-strain curve 
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FIG 6—The reduction in flow stress upon 
recovery as a function of total strain. 
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FIG 7—The effect of recovery at 400°F on the stress-strain curve for 2S-O 
alloy prestrained 0.048. 
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FIG 8—The effect of recovery at 400°F on the stress-strain curve for 2S-O 
alloy prestrained 0.125. 
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FIG 9—Typical curve for fraction recrystallized vs. time relationship. 
(After W. A. Anderson and R. F. Mehl.) 
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FIG 10—The effect of annealing time on orthorecovery. 
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FIG 11—Recrystallization of 2S-O alloy. 
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of the recovered specimen into coinci- 
dence with that for a virgin specimen. 
Then ¢, — e, shown in Fig 5, would 
serve aS a measure of the strain- 
recovery. This method should work if 
only one kind of an imperfection is 
present. But, as shown in Fig 5, coinci- 
dence of the stress-strain curves for 
the virgin and annealed materials is 
obtained at only one point, a fact that 
not only disqualifies the proposed proce- 
dure, but also implies that several types 
of imperfections responsible for work- 
hardening are induced by cold-work. 

In order to obtain a method of meas- 
uring the amount of orthorecovery, 
consider evaluation o, — ¢, (illustrated 
in Fig 5) as a function of the total 
strain. Several typical curves for vari- 
ous recovery treatments are shown in 
Fig 6. It is immediately apparent that 
the various curves are substantially 
parallel. After annealing for 2588 hr at 
212°F the lowest curve representing the 
effect of almost complete metarecovery 
is obtained. The remaining curves 
represent the effect of both meta- and 
orthorecovery for various recovered 
states. The parallel trends of these 
curves suggest that metarecovery is 
almost complete after annealing at 
212°F for 2588 hr and that ortho- 
recovery results in a uniform decrease 
in the flow stress below that for the 
virgin umnrecovered specimen inde- 
pendent of the subsequent strain. 

In order to test this concept consider 
now the data of Fig 7 obtained by 
prestraining about 0.048 and annealing 
at 400°F for recovery. If after annealing 
for 1.5 hr at 400°F all of the meta- 
recovery has taken place as well as 
some orthorecovery, the difference be- 
tween the stress-strain curve after 
1.5 hr of annealing and that following 
1578 hr of annealing is attributable to 
orthorecovery. Furthermore, if ortho- 
recovery causes a uniform decrease in 
the flow stress for all strains a vertical 
shift of the stress-strain curve after 
annealing 1.5 hr should yield a curve 
that coincides exactly with that ob- 
tained after annealing 1578 hr. Upon 
shifting the stress-strain curve after 
1.5 hr of annealing to lower stress 
values, the broken curve of Fig 7 is 
obtained. The excellent agreement be- 
tween the experimental data and the 
broken curve support the concept that 
orthorecovery consists of a uniform 
lowering of the flow stress for all 
strains, whereas metarecovery consists 
in decreasing only the initial flow stress. 
Consequently, o. —o, at high total 
strains might be taken as a measure of 
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FIG 12—Back reflection X ray patterns. W radiation. 


orthorecovery. 

This concept was also checked and 
found to give equally good agreement 
for values of prestrain equal to 0.092 
and 0.125. The results of this correla- 


tion after a prestrain of 0.125 are shown 
in Fig 8. 

No justification has been presented 
in the previous discussion in favor of 
the use of the term orthorecovery. It is 
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FIG 13—Schematic representation of distribution of imperfections induced by 
cold work as a function of activation energy for recovery. 


quite possible, of course, that the spe- 
cific phenomena peculiar to what has 
been called orthorecovery is actually 
due to recrystallization. Therefore, this 
possibility was explored. 

Mehl et al.!!~!* have demonstrated 
that the fraction recrystallized-time 
curve is sigmoidal as illustrated in 
Fig 9. Although the mechanical proper- 
ties need not vary linearly with the 
fraction recrystallized, nevertheless, 
some sigmoidal relationship would 
again be expected between the change 
in flow stress and time of annealing at 
temperatures of annealing if recrystalli- 
zation takes place. In order to check 
this concept, the data for orthorecovery 
were plotted as a function of time as 
shown in Fig 9. The value Ao was ob- 
tained by taking o. — o, (see Fig 5) 
at a large total strain (« = 0.24) where 
metarecovery no longer affects the flow 
stress. The Ao-time curve of Fig 10 
illustrates that the process termed 
orthorecovery has its greatest rate at 
t = 0 in sharp contrast to phenomena 
that depend upon nucleation and 
growth. This evidence, then, suggests 
that what has been called ortho- 
recovery is not a true recrystallization 
process. Furthermore, no detectable 
difference in microstructure was dis- 
cernable upon careful comparison of 
the structures of a specimen strained 
0.13 and another strained the same 
amount and then annealed at 400°F for 
1577 hr. 

The most conclusive evidence that 
recrystallization was absent in the 
annealing treatments leading to ortho- 
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recovery, however, is shown in Fig 11. 
It is well known that when the loga- 
rithm of the reciprocal of the time to 
achieve a certain percentage of re- 
crystallization is plotted as a function 
of the reciprocal of the absolute tem- 
perature, a linear relationship, dictated 
by the laws of kinetics of reaction 
rates, is obtained. The data recorded 
by the solid lines of Fig 11 were taken 
from the excellent investigation of 
Anderson and Mehl"! on the recrystalli- 
zation of high purity aluminum (99.95 
pet Al). Thus the linear relationship 
that is obtained when recrystallization 
data are plotted in this manner is well 
established. Now 2S-O alloy is less 
pure than the material investigated by 
Anderson and Mehl and, therefore, 
longer times or higher temperatures of 
annealing would be required to cause 
equivalent recrystallization of 2S-O 
alloy. 

A complete investigation of the re- 
crystallization of 2S-O was not at- 
tempted, but only an estimate of 
its recrystallization temperatures and 
times was made in this study. Speci- 
mens of 2S-O alloy were strained 0.09 
at atmospheric temperature and an- 
nealed for 15 min. and 24 hr respec- 
tively at a series of temperatures. Back 
reflection Laue patterns, using W radi- 
ation, were then taken to establish 
whether or not recrystallization was 
obtained. Three typical radiographs 
are shown in Fig 12a, 12b and 12c after 
annealing for 24 hr at a series of tem- 
peratures. Fig 12a exhibits the con- 
tinuous rings (due to the L radiation) 


of the fine grained cold-worked 2S-O. 
Fig 12c illustrates a coarse grained 
structure after complete recrystalliza- 
tion, whereas Fig 12b shows some rings 
attributable to the initial fine grain 
size as well as some spots resulting from 
the larger recrystallized grains. These 
data and analogous results for the 
recrystallization in 15 min. are recorded 
in Fig 11. Of course, the location of the 
line representing a given small amount 
of recrystallization cannot be ascer- 
tained accurately from these data. But 
the approximate curve shown by the 
broken line is not seriously in error. It 
is interesting to note that this line is 
practically parallel to that obtained in 
the more thorough microscopic investi- 
gation on the recrystallization of higher 
purity aluminum by Anderson and 
Mehl. 

Assuming that the linear relationship 
of this plot is admissible, the calculated 
time for incidence of recrystallization 
of 2S-O alloy prestrained 0.09 and 
annealed at 400°F is of the order of 
magnitude of 10!° hr. Since the phe- 
nomenon. described as orthorecovery is 
already clearly discernable in less than 
18 hr after annealing the cold-worked 
28-0 alloy, orthorecovery is distinctly 
separate from a recrystallization proc- 
ess. Orthorecovery appears to be a true 
recovery process. 

Burgers'® has already discussed the 
mechanics of the recovery process in 
terms of dislocations but it will never- 
theless be interesting to deduce what 
kinds of models of work-hardening are 
consistent with the preceding observa- 
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FIG 14—Schematic representation of distribution of imperfections induced by cold 
work as a function of activation energy for recovery. 


tions on the recovery of the flow stress 
of cold-worked aluminum. It will be 
convenient to designate those imper- 
fections that are removed by meta- 
recovery aS metaimperfections and 
those that are removed by pure ortho- 
recovery as orthoimperfections. 

The activation energies for the re- 
moval of orthoimperfections by_ re- 
covery must be higher but may overlap 
the activation energies for annihilation 
of metaimperfections. The rather uni- 
formly continuing process of ortho- 
recovery suggests that orthoimperfec- 
tions do not have strong interaction 
energies and consequently the activa- 
tion energy for orthorecovery appears 
to be independent of the density of 
_ orthoimperfections. 

The process of metarecovery is more 
-complex than that for orthorecovery. 
First two alternate models appear to be 
possible. One is shown in Fig 13 based 
on the assumption that the activation 
~ energies for recovery of the metaimper- 
fections consist of a broad band of 
values and that there is no interaction 
between the metaimperfections so that 
their activation energies are inde- 
pendent of their densities. The broken 
curves marked 90 and 212°F give a 
schematic representation of the dis- 
tribution of metaimperfections follow- 
ing several hours recovery at these 
temperatures. After annealing at 300 
and 400°F for a few hours all of the 
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metaimperfections will have been re- 
moved and some of the orthoimper- 
fections will have been eliminated. 
Since the orthoimperfections exist over 
a narrow band of activation energies, 
the process of orthorecovery will con- 
tinue (but at an ever decreasing rate 
because of the decrease in the density 
of orthoimperfections) until complete 
recovery is achieved. 

An alternate model is shown in 
Fig 14. Here it is assumed that the 
metaimperfections have an activation 
energy for recovery that is a function 
of their density. As they are removed 
by metarecovery their activation energy 
increases as shown by the broken 
curves which represent the metastable 
states achieved after annealing a few 
hours at 90 and 212°F respectively. At 
temperatures of 300 and 400°F re- 
covery of all of the metaimperfections 
occurs in a very short period of time 
and thereafter pure orthorecovery con- 
tinues, the orthoimperfections being 
eliminated without major changes in 
the activation energies of those that 
remain. 

It is helpful now to define more pre- 
cisely the kinetics of the recovery 
process. To a first approximation the 
process might be considered analogous 
to a unimolecular reaction wherein the 
rate of recovery is proportional to the 
number of imperfections per unit vol- 
ume, namely 


dN 

Ss at 

where JN is the density of dislocation, 

tis the time and k is the rate constant. 

For metarecovery the rate constant k 

is probably given by 

k = kye7l 2-1) Ver 

where f(N)) is some function of the 

density of imperfections, E is the acti- 

vation energy, R the gas constant and 
T the absolute temperature. 

Thus, as recovery takes place E — 
f(N) increases and the process sub- 
stantially ceases before complete re- 
covery is achieved. Unfortunately the 
present evidence on metarecovery rates 
is too incomplete to evaluate f(). 

For orthorecovery, however, no 
interaction energy is assumed and k is 
simply given by 

k = koe~#/8T 


Consequently 
In ie) = kt = thoe~2/2T 
N 0 


= kN 


where Vi is the number of orthoimper- 
fections at ¢ = 0. Then 


In In () = Inko— pint 


Assuming that when o, — o, reaches 
some value upon orthorecovery, Ni/N 
is constant, the activation energy E is 
obtainable by plotting In t vs. 1/T for 
constant values of o, — o;. The data 
for orthorecovery reported here for 
28-0 alloy reveal that E is a constant 
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independent of the time of recovery. 
Furthermore, E is about 33,000 cal per 
mol. It is scarcely accidental that this 
value agrees well with the activation 
energies in Table 1 quoted by Zener.'° 
According to either of the postulated 
mechanisms, orthorecovery is not com- 
patible with the recovery of Taylor’s 
patterns of dislocations, whereas meta- 
recovery of the kind illustrated in 
Fig 13 is not inconsistent with Taylor’s 
concept of the work-hardened state. 
The assumption that work-hardening 
introduced two distinctly different 
types of imperfections, namely the 
meta- and the orthoimperfections, not 
only facilitates the analysis of the re- 
covery data reported here, but it also 
clarifies several issues of long standing 
regarding the recovery process. First, 
the models for recovery based on the 
presence of meta- and orthoimper- 
fections demand that the work-hard- 
ened state, after partial recovery, be 
dissimilar from any state achieved by 
work-hardening alone. This conclusion 
is necessary for at the lower annealing 
temperatures only the metaimperfec- 
tions are eliminated whereas both 
imperfections are introduced simul- 
taneously upon strain-hardening. Con- 
sequently, recovery is not exactly the 
reverse of strain-hardening. Secondly, 
it now becomes clearer why properties 
exhibit unique recovery rates upon 
annealing. Some properties, such as the 
‘yield strength, (and perhaps the electri- 
cal resistivity) are sensitive to recovery 
of metaimperfection whereas other 
properties, such as tensile strength, are 
rather insensitive to the metaimper- 
fections and respond most effectively 
to the recovery of the orthoimperfec- 
tions. Consequently, some properties 
may exhibit almost complete recovery 
before any appreciable recovery is 
detectable in other properties. 


Conclusions 


1. After recovery at low tempera- 
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Table 1... Activation Energies for 


Aluminum 

Process 
Volume Diffusion!®) 222-2. S256 ie «eee 3 
Grain Boundary Slip!*.. . 
Cree yy ee si ci. pis aca. Ate oe eve oe iene tae ue een ots 


tures (90 and 212°F) cold-worked 
aluminum exhibits a low initial flow 
stress upon restraining. But after an 
additional strain of about 0.04 the flow 
stress is restored to essentially that 
value which would have been obtained 
if the specimen had not been recovered. 
This is called metarecovery. 

2. At higher temperatures (300 and 
400°F) not only is metarecovery ob- 
served, but a permanent decrease in 
the flow stress is obtained such that 
the stress-strain curve for the recovered 
metal is below that for the virgin metal 
at the same total strain for all strains. 
This is called orthorecovery. 

3. The kinetics of meta-and orthore- 
covery appear to be distinctly different. 
This suggests that during work-harden- 
ing at least two kinds of imperfections 
are introduced, one which is rapidly 
recoverable, and a second which is 
more slowly recoverable. This assump- 
tion rationalizes the observed differ- 
ences in recovery rates of different 
properties. 

4. These observations strongly sug- 
gest that the work-hardened state is 
characterized by at least two essen- 
tially distinct types of imperfections. 
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Carbides in Isothermally 
Transformed Chromium Steels 
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WALTER CRAFTS,* Member AIME, and JOHN L. LAMONT* 


Electrolytic extraction of carbides 
from quenched and tempered steel and 
their examination under the electron 
microscope were found to be helpful in 
understanding the mechanism of sec- 
ondary hardening in alloy steels! and 
the same technique has been applied to 
isothermally transformed steels. A pre- 
liminary survey of the utility of the 
method has indicated that it has prom- 
ising possibilities for investigating the 
characteristics of pearlite and bainite. 
The examination of a few carbon and 
chromium steels has suggested that 
pearlite is formed with carbides of two 
varieties representing the lamellar and 
nonlamellar forms and that bainite ap- 
pears to form with a structure analo- 
gous to, but significantly different from, 
martensite. 


Procedure 


The method used for examining the 
carbides was similar to that described 
previously.! The chromium steels used 
~ in the investigation were made from an 

Armco iron base in an induction fur- 
‘nace and were not treated with grain- 
refining deoxidizers. The composition 
of the steels is given in Table 1. 

__ Three-inch square ingots were forged 
and rolled to 1<-in. thick sheet for use 
in the isothermal studies. After rolling, 
the sheets were sandblasted to remove 
the rolling scale. 

Specimens approximately 34-in. wide 
and 114-in. long were prepared from 
the 1-in. sheet. They were heated in a 
salt bath at 2100°F (1150°C) for 14 
hour, transferred to other salt baths 
at 1300°F (704°C), 1000°F (538°C), 
800°F (426°C), or 600°F (315°C), held 
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Table 1... Composition of Steels 
Steel Pct C | Pct Mn} Pct Si | Pct Cr 
A 0. 20hea, 550) 80.20" hs 
B G45} (0652. 0-23 | 5 41 
Cc LL OF 450 92-0.33 2) 25: 


for various periods up to 100 hr and 
finally quenched in water. After quench- 
ing, the specimens were cut in half, one 
half being submitted to microscopic 
examination and the other half being 
used for the electrolytic extraction. 
The isothermally transformed speci- 
mens were submitted to examination 
under the light microscope to deter- 
mine the degree of transformation and 


graphed at 2000 X. 

Carbide residues were obtained by 
electrolyzing in 10 pct hydrochloric 
acid and collecting the residue in 
glycerine to minimize attack by the 
acid. As pointed out in the earlier 
paper, the carbides are attacked to 
some degree during electrolysis. This 
attack is relatively minor on the 
coarser carbides but may be quite 
severe on the fine bainitic carbides. 
The residues were washed free of the 
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glycerine with water and alcohol. The 
alcohol was removed by repeated 
washings of amyl acetate, and the 
amyl acetate suspensions were trans- 
ferred to stoppered vials. Debye- 
Sherrer X ray diffraction patterns of 
the residues were prepared using a 
chromium target. A selection based on 
the microstructure and X ray data was 
then made of samples considered most 
illustrative of the progress of transfor- 
mation. Electrolytically extracted resi- 
dues from these samples were submitted 
to examination by W. D. Forgeng and 
A. C. Jenkins on the electron micro- 
scope at the Research Laboratories of 
The Linde Air Products Co. and elec- 
tron micrographs were made at: X 5000 
and enlarged to 25,000 x. The micro- 
graphs obtained with both the light and 
the electron microscopes are mounted 


side by side in the accompanyi 
type of structure and were photo- ' y panyins 


figures. 

Although no effort was made to 
establish the T-T-T diagram for the 
chromium steels, the times for holding 
in the salt bath were adjusted with the 
intention of making the samples 
represent different stages in the trans- 
formation at temperatures of 600, 800, 
1000, and 1300°F. The degrees of 
transformation and results of X ray 
examination are shown in Tables 2-4. 
The carbide designations refer to 
orthorhombic or trigonal carbide types 
and are not meant to imply that the 
compositions are exactly as indicated. 


X ray Diffraction Data 


The occurrence of Fe;C and Cr7C; in 
these steels was found to be consistent 
with published data on comparable 
chromium steels. Steels A and B with 
relatively low ratios of carbon to 
chromium contained Cr;C; in the 
pearlitic structures and Fe,C in the 
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Table 2. . . Constituents in X Ray Patterns of Extracted Residues of Steel 
A—0.20 Pct C—5.06 Pct Cr After Indicated Degree of Transformation 


1300°F 
Time at Temp. 36 Sec 6 Min 20 Min 1 Hr 10 Hr 100 Hr 
LOW Pe scstese 0 ]-2* 15 99* 99 100* 
Pct transformation Cr7C3 (3) CriGs (3) Meine in ae (we 
xX tlernGje. eee Blank CroN (2) To 1) re re 
Rone su 2 ob) @) |» ® 
1000°F 
Pct transformation.......... 0 0 0 0 1* 
NTA VPA CEELH) fn sule sree rats (a) (a) (a) (a) Blank 
800°F 
Pct transformation.......... 1-2 85* 90 95 98* 
Aray, Dablern..%. sss, .-+ cae Blank Blank FesC (2) | FesC (2) | FesC (2) 


* Residues submitted to electron microscope studies. 
(a) No extractions made. 

(b) Unidentified constituent—For d-values see Table 5. 
(1) Very faint pattern. 

(2) Poor pattern. 

(3) Fair pattern. 

(4) Good pattern. 


Table 3. . . Constituents in X Ray Patterns of Extracted Residues of Steel 
B—0.43 Pct C—5.41 Pct Cr After Indicated Degree of Transformation 


1300°F 
Time at Temp. 6 Min 4g Min 12 Hr 1 Hr 10 Hr 100 Hr 
Pct transformation.......... 5 20* 95 98* 99 100* 
Cr7C3 (3) 
Moray pAlterm sas) oe bees Blank Cr7C3 (2) | Cr7Cz (3) |? (6) -(4) | Cr7zCs (4) | Cr7Cz (4) 
> (b) (1) | P (®) (2) | CreN (1) | CreN (4) | CreoN (4) 
1000°F 
Pct transformation.......... 0 0 1 35* 
Mera yepat terw. vccos.s eens (a) (a) Blank Cr7C3 (4) 
> (b) (4) 
600°F 
Pct transformation.......... 1 20* 75 80* 95 
AGTay PLEIN os cs ees Blank FesC (1) | FesC (3) | FesC (4) | FesC (4) 


* Residues submitted to electron microscope studies. 
(a) No extractions made. 

(b) Unidentified constituent—For d-values see Table 5. 
(1) Very faint pattern. ’ 

(2) Poor pattern. 

(3) Fair pattern. 

(4) Good pattern. 


Table 4. 7 . Constituents in X Ray Patterns of Extracted Residues of Steel 
C—1.17 Pct C—5.95 Pct Cr After Indicated Degree of Transformation} 


1300°F 
Time at Temp 3.25 Min 6 Min 1 Hr 3 Hr 10 Hr 100 Hr 
Pct transformation.......... 65* 95 99* 99 100* 
Cr7C3 (4) Cr7C3 (4) 
uray pattern: 60.6 fa. oo ne Cr7C3 (2) | Cr7Cs (3) | FesC (3) FesC (3) | Cr7C3 (4) 
FesC (3) | FesC (3) | ? (6) (4) > (b) (QQ) 
1000°F 
Pct transformation..........| Trace 5* 50* 95 98* 
Cr7C3 (3) 
Noravipattermy «os views. oe Cr7Cs (2) | Cr7zCz (2) | FesC (3) | CrzC2 (3) | CrzCz (4) 
FesC (2) | ? (b) (4) | P (6) (4) | ? (6) (4) 
600°F 
Pct transformation.,........ | 0 0 iL ; 5* 
PMOrAy patterm. sss cases. (a) (a) Cr7C3 (3) | Cr7Cs (2) 
FesC (2) 


a ea le ee 
* Residues submitted to electron microscope studies. 
t  Cr7Cs noted in X ray pattern of direct quenched sample. 
(a) No extractions made 
(b) Unidentified constituent—For d-values see Table 5. 
(1) Very faint pattern. 
3 Poor pattern. 
(3) Fair pattern. 
(4) Good pattern. 
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bainitic range. A pattern of the Cr.N 
type was also found in steels A and B 
transformed at 1300°F. In general, the 
patterns of Fe C, Cr7C,, and Cr,N in- 
creased in definition and intensity with 
the length of time the specimens were 
held at temperature. 

Undissolved carbide was present 
after austenitizing steel C and X ray 
diffraction revealed a corresponding 
Cr;C; pattern in all specimens. The 
carbide formed as the initial product of 
transformation at all temperatures 
appeared to be Fe.C, but this pattern 
tended to disappear from pearlitic 
structures, leaving only Cr7C; after 
long holding at temperature. As shown 
in Table 5, the dimensions of the 


Table 5. . . d-Values of Cr:C; Type 
Carbides and Unidentified Con- 
stituent in 5 Pct Chromium 
Steel Residues 


CriCs Type | CriCz Type, | Unidentified 
parece : from Steel C Constituent 
, | Relative , | Relative Relative 
d-A Inten- | d-A | Inten- | d-A | I nten- 
sity sity sity 
2.28 5 2.20 5 2.43* 2 
ee 5 2.10 6 2.08 3 
2.03 10 2.02 10 2.06 2.5 
2.01 2 1.99 2 1.93 1.5 
1.89 1 1.90 i: 1.59 2) 
1.84 2 1.82 3 1.23 bes 
1.80 4 1.79 5 
1.74 3 1.73 3) 
1.60 0 1.59 1 
1.43 2 1,42 3) 
1.34 2 1.34 3 
1.32 1 1.315 2 
P20, 1 1.245 1 
1.199 4 1.195 5 
Lets 4 1.12 5 
1.163 a 1.159 3 
1.159 s 1.154 s | 


* Not known if this value is a result of this 
constituent. 


Cr,C; pattern found in the 1.17 pct 
carbon steel C were different from those 
in the Cr;C; pattern found in the lower 
carbon steels A and B. The Cr7C; pat- 
tern of a steel containing 0.70 pct car- 
bon and 5 pet chromium was also of the 
same dimensions as that found in the 
lower carbon steels, so that the change 
would seem to be discontinuous and 
probably represents a decided differ- 
ence in-composition. 

In addition to the normally expected 
phases, the residues of specimens held 
for intermediate periods at tempera- 
tures producing pearlitic structures 
also contained a phase that gave a 
pattern with “d” values as given in 
Table 5. The pattern of this phase 
tended to appear only after the trans- 
formation was well advanced and to 
disappear on holding after completion 
of transformation. The nature of the 
phase has not been identified. 
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: FIG 1—Eutectoid carbon steel, cooled very slowly from 1850°F. 
A—Micrograph of steel. x 2000. B—Micrograph of extracted residue. X 2000. C—Electron micrograph of extracted residue. X 20,000. 


b 


FIG 2—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 1-2 pct after 6 min at 1300°F. 
A—Steel structure. x 2000. B—Extracted residue. Electron micrograph. X 25,000. 


Microscopic Examination 
of Carbides in Pearlite 


A limited number of carbon steels, 
transformed isothermally and by con- 
tinuous cooling, as well as the chro- 
mium steels, have been studied by 
electrolytic extraction and examination 
of the carbide residue on both the light 
and electron microscopes. Only the 


coarser structures permit a direct com- 


parison at comparable magnification 
between the structure found in the 
metal and the appearance of extracted 
carbides as revealed by transmitted 
light and the electron beam. However, 


the structures are sufficiently similar 


to make the higher magnification 
electron micrographs of finer structures 
quite convincing. 

The pearlitic structures found in the 
5 pet chromium steels were quite fine, 
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only partly lamellar, and generally of 
a confused and granular appearance 
rather than the well defined lamellar 
structure of slowly cooled carbon 
steel. The carbides extracted from 
well developed lamellar pearlite in a 
slowly cooled eutectoid carbon steel 
are illustrated by light and electron 
micrographs in Fig 1. The typical car- 
bide is a thin, very irregularly shaped, 
and often curled plate. It may contain 
holes and usually has deeply indented 
bays. There are thickened knobs and 
fingers at the edges and sometimes 
within the body of the plate. The 
thickened edges appear to correspond 
with the clubby ends of pearlite 
lamellae seen in polished cross-sections 
of steel. This type of carbide was illus- 
trated by Koch? using a_ similar 
procedure. 

The predominant carbides extracted 


from the fine pearlite of carbon steels 
transformed at relatively low tempera- 
tures are thicker skeletal or rod-like 
shapes of very irregular appearance. 
This type of carbide is illustrated in 
many of the micrographs of chromium 
steel residues where it will be seen that 
it is too thick to be penetrated by the 
electron beam. Because the thin plate 
type is predominant in specimens with 
well developed lamellar pearlite and 
the more massive skeletal type occurs 
mainly in specimens with little of the 
lamellar structure, it would appear 
that confused pearlite structures are 
actually not lamellar, but are com- 
posed mainly of carbides of the massive 
skeletal type. Both types of carbide are 
specific to pearlitic structures and may 
be readily distinguished from the resi- 
dues of bainitic or tempered marten- 
sitic structures. 


Metals Transactions, Vol. 185 .. . 959 


b 


FIG 3—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 99 pct after 1 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


b 


FIG 4—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 100 pct after 100 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


The carbides extracted from the 
pearlitic chromium steels, as well as 
micrographs of the corresponding steel 
structures are shown in Fig 2-5, 8-12, 
14-19, and 21-22. 

The carbides found in steel A trans- 
formed at 1300°F, as shown in Fig 2, 
show an initially fine structure com- 
posed mainly of the massive type of 
carbide in a complex irregular pattern. 
After 1 hr at 1300°F, as shown im Fig 
3, the transformation was virtually 
complete, and the carbide particles are 
much coarser than in Fig 2. Both thin 
and thick carbides are present in a 
much more well developed form. The 


thin plate is seen to be corrugated or~ 


ribbed to a degree that was not ob- 
served in carbon steels, and the mas- 
sive types are more crystalline in shape 
than at earlier stages in the transforma- 
tion. After 100 hr at 1300°F, as shown 
in Fig 4, the light microscope revealed 
a spheroidized structure with virtually 
no lamellae, and the extracted residue 
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contained only massive, more or less 
idiomorphic, crystals. The thin plates 
were absent and had either been ab- 
sorbed or had coalesced into the 
idiomorphic carbides. Similar carbide 
particles were shown by Koch and 
Wiester® after an extended tempering 
of pearlite. 

Both thin and massive carbides in 
steel B transformed at 1300°F, as 
shown in Fig 8-10, tend to be very long 
and relatively narrow, but are quali- 
tatively similar to those found in steel 
A. The tendency toward thickening at 
the edges of the thin plates is particu- 
larly well illustrated in Fig 8. Some of 
the thin carbides are still present after 
100 hr, although the predominant type 
is the well developed crystals. The 
appearance of the thin carbide shown 
in Fig 10 is somewhat more dense than 
is typical of specimens held for a 
shorter time at temperature, and there 
is a tendency toward local thickening. 
It is presumed that this represents a 


typical mechanism by which the thin 
particles are converted to a more mas- 
sive form, although the time involved 
is so great that a good deal of absorb- 
tion and reprecipitation could occur. 
It is probable that the growth of the 
massive particles also progresses by a 
diffusion reaction. 

The carbides found in steels A and 
B after 100 hr at 1000°F, Fig 5 and 11, 
are appreciably smaller than the car- 
bides found after a comparable degree 
of transformation at 1300°F. However, 
they are quite similar in character even 
though the structure as seen in the light 
microscope is too fine to be resolved 
satisfactorily. 

The carbides produced at 1300°F in 
steel C, as shown in Fig 14-16, are 
quite similar to those found in steel A. 
Although some undissolved carbide was 
present in these samples, it was not ob- 
served in the extracted residues. Ordi- 
narily large carbide particles are too 
heavy to be supported by the suspend- 
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FIG 5—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 1 pct after 100 hr at 1000°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


A—Steel structure. X 2000. B 


ing film used for electron microscope 
examination, so that they may not be 
observed in the examination of ex- 
tracted residues. Transformation of 
steel C at 1000°F produced “arbores- 
cent” pearlite structures as shown in 
the light micrographs of Fig 17-18. 
Although the extracted carbides are 
‘quite small in the initial stages of 
transformation, they do not appear to 
be significantly different from those 
formed at 1300°F. In the same-‘manner 
as at higher temperatures, the carbides 
become progressively larger as the speci- 
mens are held longer at temperature. 

In general, it would appear that the 
carbide particles in pearlite are of a 


similar character regardless of the 


specific composition of the steel or 
temperature of transformation. There 
are two well defined types of carbide 
shape. The difference in character be- 
tween the thin plates and the more 
massive carbide particles is shown in 
Fig 21. The extracted residue was 
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shadowed with gold before examination 
on the electron microscope, and the 
resulting electron micrographs clearly 
show the relative thickness of the car- 
bide particles. One is a thin plate of 


very irregular shape tending toward 


heavier knobs and fingers at the edges. 
The other is a more massive type that 
occurs in an irregular skeletal or rod- 
like form. Both types eventually grow 
into the idiomorphic form illustrated in 
Fig 22. The thin type occurs more com- 
monly in well organized lamellar 
structures and the more massive skele- 
tal type tends to be formed in the more 
confused -sublamellar structures. It 
would seem reasonable to believe that 
the plates represent the carbides of 
strictly lamellar pearlite. Pearlite in 
which it is difficult to see lamellae is 
presumably composed principally of 
the more massive skeletal type of car- 
bides. It would appear that those non- 
lamellar areas of pearlite that are 
sometimes considered to be oriented 


b 
FIG 6—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 85 pct after 6 min at 800°F. 


Extracted residue. Electron micrograph. 25,000. 


unfavorably to visualize lamellae are 
actually nonlamellar. 

A tempering process with growth of 
the carbide particles seems to start im- 
mediately after transformation and to 
progress continuously before and after 
transformation is completed. It was 
not possible to isolate small carbide 
particles in the later stages of trans- 
formation and identify them as having 
been formed more recently than the 
larger carbides. Because of the time 
involved in the later stages of transfor- 
mation, it is considered probable that 
even the freshly formed carbides would 
be tempered appreciably before exami- 
nation. It is doubted, therefore, whether 
it would be reasonable to expect that 
this method of examination will readily 
reveal whether the size of carbides 
transformed late are affected by the 
growth of previously formed carbides. 
The progress of tempering of both the 
thin plates and the skeletal carbides 
to larger massive and ultimately 
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FIG 7—Steel A—0.20 pct C, 5.06 pct Cr. Transformed 98 pct after 100 hr at 800°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


FIG 8—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 20 pct after 12 min at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


FIG 9—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 98 pct after 1 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


idiomorphic particles seems to be 
accomplished in part by coagulation 
of the more extended shapes as well as 
by normal diffusion and growth. 


Microscopic Examination 
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of Residues from Bainitice 
Structures 


The structures formed in chromium 
steel specimens treated to produce 
bainite are illustrated in Fig 6-7, 12-13, 


20 and 23. The structures of the ex- 
tracted residues appear to consist of a 
nebulous cloud of very fine particles in 
which there is a concentration of many 
or larger particles on certain planes as 
well as a number of well defined par- 
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FIG 10—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 100 pct after 100 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 
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FIG 11—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 35 pct after 100 hr at 1000°F. 
A—Steel Structure. x 2000. B—Extracted residue. Electron micrograph. X 25,000. 


FIG 12—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 20 pct after 30 min at 600°F. 


A—Steel structure. X 2000. B 


ticles of a larger order of size. The 
“oraininess” or size of the particles 
seems to increase as time at tempera- 
ture and degree of transformation 


increase, but the structure never be- 


comes sufficiently well defined to give 
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much assurance that the structures are 
adequately resolved. 

Each group or cloud that appears to 
be a cluster of a myriad of particles 


has been shown by gold shadowing in ~ 


Fig 23 to have a considerable thickness, 


Extracted residue. Electron micrograph. X 25,000. 


so that the electron beam has partially 
penetrated a great volume of fairly 
low density. The velvety black zones in 
Fig 6 and 20 are typical of residues ex- 
tracted from martensite in which it is 
probable that the residue itself is only 
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FIG 13—Steel B—0.43 pct C, 5.41 pct Cr. Transformed 80 pct after 10 hr at 600°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. & 25,000. 


6 


FIG 14—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 65 pct after 3.25 min at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


a 
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FIG 15—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 99 pct after 1 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


amorphous carbon. No analytical work 
has been done on these bainite residues, 
so that it is possible that the residue 
is not carbide but a metamorphosed 
representation. The granular structure 
of the “clouds” is quite different from 
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that previously found! in tempered 
martensite residues in which indica- 
tions of individual particles were not 
observed. As time at temperature and 
degree of transformation increase, the 
structure becomes even more granular, 


probably reflecting an increase in the 
size of the individual particles. It has 
also been observed that residues of 
bainitic carbon steels transformed in 
shorter periods are intermediate in ap- 
pearance between the bainitic chro- 
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FIG 16—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 100 pct after 100 hr at 1300°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. < 25,000. 


a 
FIG 17—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 5 pct after 1 


6 
hr at 1000°F. 


A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 
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FIG 18—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 50 pct after 3 hr at 1000°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


mium steel residues and martensitic 
residues, and it is inferred that the 
growth of the fine particles to dimen- 
sions visible at this magnification re- 
sults from a tempering process. 

In a similar manner the thickened 
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planes that are seen in the cloudy 
matrix are significantly different from 
similar planes in martensite residues. 
The character of these planes is best 
shown in Fig 13 where three small 
zones are separated from the main 


cluster. These are believed to be the 
fragments of the thickened planes that 
appear to contain larger particles than 
the matrix. The size of the particles and 
possibly their number increase with 
time at temperature. Such structures 
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FIG 19—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 98 pct after 100 hr at 1000°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 
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FIG 20—Steel C—1.17 pct C, 5.95 pct Cr. Transformed 5 pct after 100 hr at 600°F. 
A—Steel structure. X 2000. B—Extracted residue. Electron micrograph. X 25,000. 


have not been observed in tempered 
martensite where the density of the 
matrix is lessened by precipitation 
along many planes in the form of con- 
tinuous two-dimensional plates rather 
than a number of fine particles. The 
well defined larger particles, shown 
best in Fig 7 and 20, seem to be of a 
different character and may have been 
formed by a different mechanism than 
that by which the main structure was 
formed. 

Although it is not presumed that 
these structures are adequate to answer 
the question of whether bainite forms 
initially as a single phase or as an ag- 
gregate, the structures are quite sug- 
gestive. With respect to these steels it 
_is evident that, if it be assumed that 
the bainite formed initially by a mar- 
tensite-like reaction and that it was 
tempered immediately, the resulting 
structure is significantly different from 
that formed when a truly martensitic 
structure is tempered by reheating. 
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Thus, if bainite in these steels were 
formed by the decomposition of a 
martensite-like constituent, either the 
transitional structure or the manner of 
its tempering is significantly different 
from martensite. However, the struc- 
ture is so closely related to that of 
martensite that it is not possible to 
infer, as an obvious corollary, that 
bainite forms as an aggregate. An ex- 
amination of bainite residues at much 
higher magnification would be desirable 
to obtain a better understanding of the 
structure. 


Summary 


Examination of carbide residues ex- 
tracted electrolytically from chromium 
steels has been shown by X ray dif- 
fraction to be consistent with the nor- 
mally expected constituents of these 
steels, except for observation of two 
forms, differing in lattice dimensions, 
of Cr7C; and of an unidentified transi- 


tional constituent in pearlitic speci- 
mens. Electron micrographs of the 
residues have shown characteristic 
forms of carbide for pearlite and 
bainite. 

The carbides associated with pearlite 
are of two shapes. One is a thin irregu- 
larly shaped plate with thickened edges 
that is considered to be the lamellar 
carbide of regular pearlite and the other 
is a skeletal, rod-like or massive type 
that is considered to be the nonlamellar 
carbide in confused pearlite. The more 
extended forms of both types tend to 
coagulate locally, and the resulting 
massive particles, as well as the initially 
formed massive type carbides, grow by 
diffusion until they assume idiomorphic 
shapes in spheroidized pearlite struc- 
tures. The tendency toward either 
type is controlled by the conditions of 
transformation rather than by specific 
effects of composition, and _ similar 
appearing carbides may be produced 
regardless of whether the carbide is of 
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FIG 21—Electron micrograph of shadow-cast residues of Steel C. FIG 22—Electron micrograph of shadow-cast residues of Steel C. 


X 10,000. 


Transformed 65 pct after 3.25 min. at 1300°F. 


the Fe;C or Cr7C; type. 

Residues from bainitic structures are 
closely analogous to those of marten- 
site, but are significantly different. In 
bainite the residues have a nebulous, 
but granular, matrix, and discrete par- 
ticles are found in the planes on which 
carbide tends to concentrate, rather 
than the unresolvable matrix and the 
continuous plates of tempered mar- 
tensite residues. The bainite residues 
also contain fairly large particles not 
found in martensite residues. These 
characteristics suggest that although 
bainite may be formed in a manner 
analogous to martensite, the differences 
in structure are sufficiently great to 
indicate a significant difference in 
the mechanism. Further examina- 
tion at much higher magnification 
should be helpful in understanding 
bainite formation. 

Although this study of extracted car- 
bides has been limited to the cursory 
examination of a few steels, it would 
appear that this use of the electron 
microscope is capable of adding con- 
siderably to our understanding of the 
structures of steel. 
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Introduction 


Several publications!~’ during the 
past few years have demonstrated the 
markedly greater effect of cerium, as 
compared to all other alloying ele- 
ments, in enhancing the strength and 
creep resistance of magnesium at ele- 
vated temperature either with or with- 
out the presence of other elements. In 
the work reported in Ref. 1-6, the 
cerium was added in the form of 
Mischmetal, which contains all the rare 
earth elements in essentially the same 
proportions as they occur in monazite 
sand, the principal ore of these metals. 
Mellor and Ridley’ have presented the 
creep characteristics at 200°C of mag- 
-nesium alloys prepared both with pure 
cerium and with Mischmetal. Up to 
the present time, however, no compre- 
hensive study of the effect of the 
various component elements of Misch- 
metal on the properties of sand-cast 
magnesium has been made. This hiatus 
in magnesium technology undoubtedly 
is associated with the difficulty in ob- 
taining the rare earth metals separately. 

This investigation provides such a 
survey, the object of which was to 
determine which of the elements pres- 
ent in Mischmetal contributes the 
greatest effect in developing high 
strength and high resistance to creep 
at elevated temperatures. Toward this 
end the compositional variation of 
these properties has been determined 
as a function of temperature in the 
following alloy systems: 

1. Magnesium-Mischmetal 

2. Magnesium-cerium-free Misch- 

metal 

3. Magnesium-didymium 
. Magnesium-praseodymium- 

lanthanum 
5. Magnesium-cerium 


> 


968 . . . Metals Transactions, Vol. 185 


Table 1. . . Chemical Analyses of Rare Earth Metals 

, Pct Pct 

ener 8 f Total Pct Pct Pet isPettlet Pct Pet Pct Other 

ig) ae o Rare Ce Nd Pro j-tht.) La* Fe Si Cr | Impuri- 

ateria Earths tiest 
Mischmetals. 7320 ne. 97.8 50.6 | 18.2 6.4 nil 22.6 | 0.59 | 0:16 | 0203 1.42 
Ce-free Mischmetal. . 94.5 022°)" 3552-125. 25|- 0:9: | 46.0 | 13.24, | 0520 )20231 1.79 
Didymium.. nash sie 89.8 O78) 1 72.3 7.9 nil $.8 | 7.05 | 0.56 |" 0.75 2.84 
Gertie hte tees 94.8 92.2 0.9 0.3 nil 1.4 | 2.37 | 0.02 | 0.50 2.21 
Banthaniimess. coe cre 96.5 O15 (Osa 0.2 nil 95.1} 1.77 4 0.08_) 0225 1.40 
Praseodymium........ BP 0.8 2.9 | 65.6 | nil | 25.9 | 2.61 | 0.60.) 0:19 1.40 


* Lanthanum obtained by difference from total rare earth content and therefore includes all the 
lesser elements such as Sa, Tb, Y, etc. 

+ Thorium included in Total Rare Earth Content. 

t Other impurities obtained by difference from 100 pct. These impurities consist of exygen and 
probably Al, Mn, Mg, and Cu in varying amounts. Some carbides and nitrides are also present. 


Table 2... . Typical Analysis of Electrolytic Magnesium 
by Spectrographic Method 
Al Ca Cu Fe Mn Ni Pb Si Sn Zn 
<0.01 | <0.01 | <0.01 | 0.03 | 0.05-0.10 


<0.001 | <0.001 | <0.01 <0.001 | <0.01 


6. Magnesium-lanthanum 

This designation, based on the names 
of the metals as furnished by the pro- 
ducer, is used throughout the paper in 
order to avoid the complicated system 
of listing all the elements present in the 
more complex alloys. The composition 
of the metals and the alloys is dis- 
cussed in detail below. 


the six alloying ingredients used to 
prepare the alloys reported in this 
paper is given in Table 1. In each case, 
the percent total rare earths, percent 
cerium, percent neodymium, percent 
praseodymium, and percent thorium 
were determined in addition to the 
listed impurities. The percent lantha- 
num was determined by difference from 
the total rare earth content and conse- 
quently includes the other elements 
(samarium, terbium, yttrium, etc.) pres- 
ent in Mischmetal. These additional 
elements, however, seldom amount to 
more than 1 to 2 pct of the total rare 
earth content of Mischmetal. The iron 
content of the Mischmetal is consider- 
ably lower than that of the other 
metals. This grade of Mischmetal is 
now readily available. 

The metals are listed in the order of 
decreasing complexity. Elimination of 
the cerium from Mischmetal results in 
what the trade calls ‘“‘Cerium-free 
Mischmetal.” Carrying the separation 
a step further by eliminating the lantha- 


Preparation of Alloys 


ALLOYING INGREDIENTS 


The chemical composition of each of 
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paper. 
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num yields what is commonly called 
“didymium”’ and should consist essen- 
tially of neodymium and _praseo- 
dymium. Unfortunately, the material 
obtained for this work also contains 
8 pct lanthanum (10 pct of the total 
rare earths) and the praseodymium 
content is rather low compared to that 
of Ce-free Mischmetal. The cerium and 
the lanthanum metals are both practi- 
cally free of other rare earth metals. 
The praseodymium, however, contains 
a large proportion of lanthanum; conse- 
quently, the alloys made with it are 
called magnesium-praseodymium-lan- 
thanum alloys. 


MELTING AND CASTING 
OF ALLOYS 


All the alloys used in this study were 
prepared in small laboratory melts ac- 
cording to the melting practice de- 
scribed by Nelson® as the ‘‘Crucible 
Method.” The special precautions 
necessary in the alloying of Mischmetal 
with magnesium have been described 
in detail by Marande.* The same pro- 
cedure was followed in introducing the 
other rare earth metals into magnesium. 

A 50- to 100-lb melt of each alloy 
was prepared except for the didymium 
alloys and the praseodymium-lantha- 
num alloys, in which case smaller melts 
were necessitated by the smaller 
amounts of alloying ingredients avail- 
able. Test bars of 614 in. length with 
a 214 in. long reduced section of 44 in. 
diam were cast in sand molds using a 
four-bar pattern. Electrolytic mag- 
nesium was used as the starting ma- 
terial; a typical analysis of this grade 
of magnesium is shown in Table 2. 

In order to conserve the rare-earth 
metals, the alloy containing the highest 
percentage of the added element in each 
group was made first. Alloys of lower 
content were then prepared by re- 
melting the scrap from the preceding 
melt and adding magnesium to obtain 

the desired composition of the next 
alloy in the series. All the melts were 
poured at 1300-1325°F in an attempt 
to obtain as fine a grain size as possible. 


ANALYSIS 


Chemical analysis to determine the 
rare earth content of each alloy was 
made on a sample taken from a test 
bar, whereas the spectrographic analy- 
sis of impurities was performed on 
separately cast specimens poured im- 
mediately before filling the test bar 
molds. The results of both analyses are 
given in Table 3; only the impurities 
which are present in major proportions 
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or those which differ markedly from 
the amounts present in electrolytic 
magnesium (Table 2) are tabulated. 
As indicated in Table 3, two alloys 
from each series were analyzed for 
cerium, neodymium, praseodymium, 
and total rare earths; in all the other 
alloys, only the total rare earth content 
was determined. The lanthanum values 
represent the difference between cerium 
+ neodymium + praseodymium. and 
the total rare earths as_ mentioned 


above. The method of analysis of 
cerium and of total rare earths is given 
in another publication.'° These analyses 
are accurate to +0.10 pct rare earth. 
The neodymium and the praseodymium 
were determined by the spectrophoto- 
metric method described by Rodden. 
The accuracy of the analyses by this 
method is believed to be +5 pct for 
neodymium and +10 pct for praseo- 
dymium. The same analytical methods 
were used in determining the composi- 


Table 3 . . . Composition and Grain Size of Alloys 


By Chemical Analysis | By Spectrographic Analysis 
Alloy | | 
Num- | Pct bee | cae Bl | Grain Size 0.001 in. 
ber Total | Pct} Pct} Pct| Pct| Pct | Pct | Pet} Pct | Pct 
Rare | Ce} Nd| Pr|La*| Al | Fe |Mn| Pb | Si 
| Earths } . | | ) 
| 
i ' i 1 1 1 : 
Magnesium-Mischmetal Alloys 
| | fe | 
1 0.18 0: oslo: oslo 10.06, <.01 0.041/0.17, 0.005) <.01 14-28 
2 0.40 0.21/0.06/0.02/0.11 <.01 | 0.06 10.18 0.008) <:01 | 14-16 
3 1.15 0.59 0.19'0.06 0.31) 0.014) 0.030)0.14) 0.023) 0.018) 60-90 (10-80 pct Columnar) 
4 1.43 |0.67/0.22/0.07/0.35) 0.015) 0.019/0.14) 0.022) 0.05 
5 1.62 |0.83 0.27,\0.09)0.43) 0.026) 0.042/0.16) 0.014) <.01 45-60 
6 2.50 1.28 0.42 0.14/0. 66 <.01 | 0.009}0.17| 0.007) 0.02 | 35-60 (10-30 pct Columnar) 
7 2.85 |1.47/0.47|0.16|0.75| 0.023) 0.042/0.15) 0.006) <.01 14-22 
8T 3.23 1.69/0.51 0.17|0.86| <.01 | 0.048/0.09|) 0.005) <.01 20-28 
hy 6.33 |3.21)1.10/0.36|1.66| <.01 |>.05 |0.06| 0.005) <.01 12-16 
10 10.11 |5.20/1.68/0.56|2.67|<.01 | >.05 10.04) 0.007 10-14 
Magnesium-Ce-free Mischmetal Alloys 
11 0.14 |0 0.05/0.01/0.08) <.01 | 0.035/0.11) 0.031| 0.02 70-100 pet Columnar 
12 0.26 |0 0.08/0.02)0.16) 0.015] 0.022/0.12) 0.028) 0.04 80-100 pct Columnar 
13 0.51 |0 0.17/0.04/0.30| 0.015) 0.021/0.10) 0.025) 0.04 | 50-70 (30-70 pct Columnar) 
14 0.93 }0.01/0.31)0.08/0.53) 0.019) 0.024/0.12) 0.042) 0.05 | 40-70 (10-60 pct Columnar) 
15 1.87 |0.03/0.62/0.17/1.05) 0.034) 0.057|0.08| 0.013) <.01 | 40-50 (20-40 pct Columnar) 
16 1.89 |0.03/0.62/0.17|/1.07|<.01 | 0.064)0.11| 0.035) <.01 30-40 
17 2.11 |0.03/0.70/0.19/1.19| <.01 | 0.030)0.12} 0.039) <.01 30-45 
18 2.59 |0.04/0.85/0.23)1.47| <.01 | 0.020/0.17) 0.030) <.01 18-30 
19T 3.00 |0.07/0.86/0.21|1.86) <.01 | 0.044/0.12) 0.015) <.01 12-16 
20 5.05 |0.07|1.67|0.45|2.86| <.01 | 0.052/0.16| 0.047) <.01 8-15 
21 5.74 |0.03|2.14|0.62/2.94) 0.039] 0.051/0.10| 0.020] <.01 12-14 
Magnesium-didymium Alloys 
22 0.65 |0.01/0.51)0.060.07| 0.019) 0.032/0.04) 0.008) <. 1 | 30-50 (30-80 pct Columnar) 
23 1.63 |0.02/1.29/0.14/0.18)<.01 | 0.040)0.07| 0.010) <.01 | 40-80 (10-70 pet Columnar) 
24 2.60 |0.03\2.05/0.22'0.30) 0.043) 0.044/0.09; 0.017; 0.02 16-28 
25T 3.85 |0.06/3.00/0 31/0 48) <.01 | 0.045)0.09| 0.020) <.01 12-20 
26+ | 6.03 |0.07/4.82,0.56.0.58|<.01 | 0.0620.09) 0.027| <.01 16-24 
Magnesium-praseodymium-lanthanum Alloys 
; 
27 0.69 |0.0 |0.02|0.47/0.20| <.01 | 0.030)0.07) 0.004) <.01 | 40-50 (30-70 pct Columnar) 
28 1.59 |0.01/0.05)1.08,0.45) <.01 | 0.040/0.07) 0.008 <.01 30-40 
29T 3.00 /0.02)0.11/2.03/0.84) <.01 | 0.033)0.08) 0.011) <.01 14-20 
307 6.19 |0.05|/0.17\4.20|1.77) <.01 | 0.030/0.07| 0.023) <.01 8-14 
aad 
Magnesium-cerium Alloys 
31 0.15 |0.15/0 0 0 <.01 | 0.030/0.14) 0.013) 0.02 80-100 pct Columnar — 
32 0.45 |0.44/0 0 0.01) <.01 | 0.013)0.12) 0.033) 0.03 80-90 pct Columnar 
33 1.09 |1.05)0.01)0 0.03} <.01 | 0.038)0.14) 0.030) 0.02 | 30-60 (10-30 pet Columnar) 
34 1.54 |1.49/0.02/0.01'0.03) <.01 | 0.024/0.14) 0.030) 0.04 | 30-50 (20-40 pct Columnar) 
35 2.01 |1.95)0.02/0.01|0.03) <.01 | 0.019|0.18) 0.030) <.01 | 60-80 (40-80 pect Columnar) 
36 2.39 |2.31/0.03,0.01\0.04) <.01 | 0.038)0.17|) 0.025) <.01 30-50 
37T 2.60 |2.48)0.040.02 0.06) <.01 | 0.037|/0.14) 0.018) <.01 30-40 
38 3.57 |3.45:0.040.02,0.06| <.01 | 0.040/0.12| 0.031) <.01 10-20 
397 5.70 |5.560.05\0.02,0.07| 0.028) 0.062/0.10) 0.014) <.01 50-80 
40 6.73 |6.50,0.08/0.04/0.11| <.01 | >.05 |0.06) <.001) <.01 14-16 
Magnesium-lanthanum Alloys = 
41 0.20 |0 0 0 0.20) <.01 | 0.014/0.11) 0.028) 0.04 28-38 
42 0.32 |0 0 0 0.32} 0.01 0.028/0.10 0.030) 0.04 40-60 
43 0.54 |}0- |0 0 0.54) <.01 | 0.004'0.14) 0.028] 0.03 | 40-60 (10-20 pct Columnar) 
44 0.89 |0.01)0 0 0.88] 0.011) 0.022/0.04) 0.022) 0.04 | 40-50 (10 pct Columnar) 
45 1.39 |0.01|0.01/0 1.37} <.01 | 0.003/0.10) <.01 | <.01 | 35-100 (10-30 pct Columnar) 
46 1.60 |0.02\0.01\0 1.57] 0.012} 0.048,0.12) 0.020) 0.04 | 60-80 (20-70 pct Columnar) 
47 2.47 |0.02)0.01/0 2.44) <.01 0.044:0. 11} 0.011) <.01 | 40-50 (10 pet Columnar) 
48 2.74 |0.03|0.02/0 2.69) 0.02 | 0.016/0.10) 0.022) <.01 20-30 
49 2.80 |0.03/0.02/0 2.75|<.01 | 0.030)0.12) 0.006) 0.02 60-70 
50 3.59 |0.04/0.02/0.01/3.52| <.01 | 0.045/0.14| 0.008] 0.04 | 60-100 (10-50 pct Columnar) 
517 3.85 |0.04/0.02)/0.01/3.78| 0.014, 0.032)0.08) 0.022) 0.02 30-35 
52 6.51 |0.06/0.04/0.02/6.39| <.01 | 0.045)0.09) 0.006) <.01 30-80 
53T 6.70 |0.06/0.04/0.02\6.58) 0.03 | 0.041/0.12) 0.047) 0.02 10-18 


* By difference from Total Rare Earth Content. 
+ Alloys analyzed separately for Ce, Nd, Pr, and Total Rare Earths. 
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FIG 2—Tensile yield strength at 200°F. 
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FIG 1—Tensile yield strength at room temperature. 
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FIG 3—Tensile yield strength at 300°F. 


tion of the rare earth metals given in 
Table 1. 

In the alloys analyzed for the sepa- 
rate rare earth metals, the proportion 
of each of the four elements agrees 
reasonably well with that of the same 
element in the corresponding alloying 
ingredient. This observation, together 
with the good agreement between the 
two alloys analyzed in each group, 
indicates that there is no preferential 
loss of any of these elements either in 
alloying with magnesium or in re- 
melting. With these findings on hand, 
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it was deemed justifiable to apportion 
the total rare earth content of all the 
other alloys among the four elements. 
For each series of alloys, the propor- 
tioning factors used were based on the 
average of the two complete analytical 
determinations in the series. 


HEAT TREATMENT 


A preliminary study was conducted 
to determine the maximum possible 
solution heat treating temperature for 
each type of alloy. This was done by 


5 
PERCENT RARE EARTH 
FIG 4—Tensile yield strength at 400°F. 


heat treating small specimens of alloys 
containing 6 pet and 3 pct rare earths 
in the as-cast condition at a series of 
temperatures followed by quenching in 
cold water. Metallographic examina- 
tion of these specimens has established 
the following minimum temperatures 
of liquation: 


igi 

Magnesium-Mischmetal alloys........ 1095 + 5 
Magnesium-Ce-free Mischmetal alloys. 1100 + 5 
Magnesium didymium............... 1000 + 5 

agnesium-praseodymium-lanthanum 

alloysiuguset rate he ai Sos nek: 1100 + 5 
Magnesium-cerium alloys............ 1095 + 5 
Magnesium-lanthanum alloys......... 1125 + 5 


These temperatures are in good agree- 
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Table 4 . 


Tensile Properties of Alloys in the As-cast, Heat Treated, and 


Heat Treated + Aged Conditions at Room Temperature 


Pct As-Cast Heat T: 
Alloy eo eat Treated Heat Treated + Aged 
Number Rare : 
Earths | Pct E | TYS TS PctE| TYS TS Pct E | TYS TS 
Magnesium 6.0 2.9 12.6 
Magnesium-Mischmetal Allovs 
1 0.18 9.5 4.4 20.4 10.2 4.2 20.9 10.0 
. ‘ s 3 ; : 4.7 21. 
2 0.40 9.1 5.1 20.7 7.8 4.0 13.8 8.2 6.1 16.6 
1.15 4.6 bynes 14.3 6.0 bye) 16.0 6.0 7.4 18.0 
5 1.62 2.9 70 14.4 5.5. Ti3 20.0 aio 10.2 19.3 
2 2.50 1.9 8:7 15.5 3.0 6.8 15.4 PARRA 8.2 17.0 
: 2.85 i Ways 9.0 15.4 5.0 LOLS 18.6 Bx. 1252 19.4 
5 zee 1.1 9.1 14.9 3.4 8.9 18.7 Las 12.4 20.5 
.33 0.5 i341 16.6 2.0 13.8 16.8 1.0 17.0 20.4 
Magnesium-Ce-free Mischmetal Alloys 
11 0.14 6.6 3.0 14.3 6.5 3.2 15.3 Gag 

12 0.26 5.3 3.5 | 12.2 5.2 3.9] 12.4 5.5 43 13.5 
83 0.51 Dk 4.0 14.1 6.5 4.0 1523 6.0 4.4 15.0 
14 0.93 4.8 5.0 14.0 Dou 6.3 15.5 5.7 6.4 16.0 
15 1.87 oie 6.9 15.9 5.2 6.7 16.1 3.5 11.5 19.4 
16 1.89 4.3 6.9 16.3 7.5 Uae 20.1 3.2 10.4 21.5 
17 2.11 4.1 1655) 16.4 5.8 8.5 19.5 203 11.2 21.3 
18 2.59 SD) 8.6 16.6 6.0 8.8 20.5 2.2 13.5 23.0 
19 3.00 aol 9.4 LTS 7.0 LOVE 20.2 Pie 15.0 23.4 
20 5.05 0.5 Pet 16.0 20 12.0 19.3 0.7 18.5 24.5 
21 5.74 1.3 si oe eS 4.0 Ia 20.6 125 18.1 25.4 

Magnesium-didymium Alloys 
ee ee ae a ee ee ee beet 
22 0.65 aS 5.1 19.1 8.2 4.5 19.4 57 4 ie 22.3 
23 1.63 6.7 Gad 19.5 rer irs 16.8 5.0 12.6 23.4 
21.6 29.0 
24 2.60 5.0 DLS: 21.0 9.0 11.8 one ont. 18.7 31.9 
25 3.85 3.0 13.8 21.9 4.2 14.1 pas ew raed 20.5 28.9 
26 6.03 0.5 18.5 20.7 1.5 14.7 2022, 0.5 20.6 25.7 

Magnesium-cerium Alloys 

31 0.15 5.2 3.3 12.6 6.0 4,0 11.9 4.5 4.2 14.2 
a 0.45 5.0 4.2 i a4 5:0 5.0 16.4 5.0 6.7 20.2 
33 1.09 5.5 5.6 16.1 3.5 6.9 18.9 2.5 10.0 22.3 
34 1.54 4.1 6.3 15.2 6.0 8.8 21.5 3.7 10.8 21.6 
35 2.01 25 6.6 12.8 6.3 8.9 18.0 23 11.2 18.4 
36 2.39 1.9 8.3 14.5 ag 7.4 16.7 5 kr 4 1152 18.2 
37 2.60 1.9 8.9 E33 oak 9.8 18.4 Lor 13.0 19.9 
38 Binuws 1.0 9.9 14.9 4.2 10.6 17.4 LAT 12.8 19.1 
39 5.70 0.5 12.5 14.0 1.0 12.2 14,4 1.5 14.0 15.6 
40 6.73 0.7 We 19.5 12 12.1 16.6 0.5 15.2 18.0 

Magnesium-lanthanum Alloys 
41 0.20 6.6 4.5 17.1 620 Sit 18.0 T0 5.8 18.3 
43 0.54 ons) 4.8 15.6 bees §.2 17.0 6.0 5.8 16.9 
44 0:89 4.5 5.5 use! 5.2 6.0 GAL 4.5 6.6 17.1 
45 1.39 2.6 5.4 10.2 4.0 6.5 11.6 3.5, 6.3 12.0 
46 1.60 biar4 5.9 13.0 a0. 6.5 15.0 4.0 6.7 15.0 
47 2.47 2.0 8.1 14.2 3.2 7.8 15.4 Sie 8.1 15.3 
48 2.74 1S: 8.4 14.8 2.5 (ie | 14.5 3.0 7.4 15.2 
49 2.80 1.1 7.8 11.2 2.7 6.3 1203 oi 6.4 12.1 
50 3.59 0.6 8.7 11.2 Pay, 6.9 11.0 LET Ie 11.8 
51 3.85 1.0 9.9 15.1 2.0 10.0 15.0 1.7 10.4 14.9 
52 6.51 0.0 14.1 15.0 0.5 10.7 14.4 1.0 11.0 14.8 
53 6.70 0.0 14.1 EPH 0.5 12.0 15.6 1.0 1275 165. 


Pct E—Percent elongation in 2 in. 


TYS— 


Tensile yield strength in 1000 psi 


TS—tTensile strength in 1000 psi 


ment with the eutectic temperatures of 
the published magnesium-rare earth 
diagrams;!213.1415 no information is 
available on the principal constituent 
of didymium, that is, the magnesium- 
neodymium system. 

With these determinations as a 
guide, the following heat treating tem- 


peratures were selected and used 
throughout this investigation: 

oF 
Magnesium-didymium alloys..........- j.. 915 
All other alloys. ........+--0eeeseeeeeeees 1070 


The higher temperature possible with 
magnesium-lanthanum alloys was not 
used in order to avoid the dangers of 
oxidation and sagging of the test bars. 
All heat treatments were of 24-hr dura- 
tion followed by cooling on a thick iron 
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plate under a fan blast. The aging 
treatment consisted of heating for 16 hr 
at 400°F. 

All the heat treatments were con- 
ducted in circulating air furnaces, elec- 
trically heated and controlled to +5°F. 
The atmosphere of the furnace was 
rendered protective by the mainte- 
nance of a concentration of 0.5 to 1.0 
pet sulphur dioxide. 


GRAIN SIZE 


The grain size of each alloy (Table 3) 
was determined on a sample from the 
reduced section of every test bar after 
being tested either in tension or in 
creep. The measurements were made 


by the comparison method described — 
by P. F. George.® A range of grain size 
is given for each alloy. This represents 
the variation from bar to bar. The 
figures given for columnar structure 
represent the percent of the area 
covered by columnar grains. It may be 
stated that, in general, the grain size 
decreases with increasing alloy content. 
The suppression of a columnar struc- 
ture in the lower alloy contents is very 
erratic. No evidence of grain coarsening 
upon heat treatment was observed. 


Testing Methods 


Detailed descriptions of the methods 
of tension and creep testing have been 
given in earlier publications.*7 All the 
properties were determined on cast test 
bars without machining the surface. 
Tensile properties are the average of 
two tests. All creep data are from tests 
of 100 to 160 hr duration. Space does 
not permit the presentation of detailed 
creep data. The creep characteristics 
of each alloy are defined in this paper 
by three parameters: 

1. Limiting stress to give 0.1 pct 
creep extension in 100 hr 

2. Limiting stress to give 0:2 pct 
total extension in 100 hr 

3. Limiting stress to give 0.5 pct 

total extension in 100 hr. 
These values were determined by in- 
terpolation of log-log plots of stress vs. 
extension as described previously.*1’ 
A minimum of 3 and as many as 8 
stress levels were used to establish the 
log stress vs. log extension relationship 
for each alloy at each temperature. The 
total extension figures include the elon- 
gation obtained during loading as well 
as the creep extension. No significance 
has been attached to creep rates in this 
investigation because during the 100-hr 
test the secondary stage of creep, which 
gives the minimum creep rate, is not 
established in many tests. 

The method of determining electri- 
cal conductivity has been described 
earlier.1® 

The density of each alloy in the heat 
treated plus aged condition was deter- 
mined on a 5 in. diam by 1 in. long 
specimen machined from the shoulder 
of a test bar. Each sample was weighed 
on an analytical balance under two 
conditions: (1) in air, and (2) 
kerosene of known density. The density 
of the alloy was calculated from these 
two weighings. 


Discussion of Results 
TENSILE PROPERTIES 
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The room temperature tensile prop- 
erties of all the alloys in the as-cast, 
solution heat treated (HT), and heat 
treated and aged (HTA) conditions are 
presented in Table 4. The yield and 
tensile strengths in the HTA condition 
are plotted as a function of composition 
for all temperatures investigated in 
Fig 1 through 13. The total rare earth 
content of all the alloys is used to 
represent the composition in these as 
well as all subsequent plots. Graphs of 
elongation vs. composition have been 
omitted in order to conserve space; 
furthermore, the scatter in these data 
renders them rather inconvenient for 
graphical representation. Elongation 
values at all temperatures are given in 
Table 5. 

Marked differences exist in the degree 
to which the strength of magnesium is 
enhanced by the various rare earth 
elements. The highest properties at all 
temperatures over the entire composi- 
tion range investigated are developed 
by the addition of didymium, whereas 
the lowest properties are found in 
magnesium-lanthanum alloys. Inter- 
mediate to these lie the alloys containing 
cerium-free Mischmetal, praseodymium 
+ lanthanum, Mischmetal, and cerium 
in that order of decreasing properties 
for alloys containing 3 to 6 pct total 
rare earths. Among these four types of 
alloys there is little difference in 
strength in compositions of less than 
2 to 2.5 pct alloying elements. In 
general, the elongation decreases with 
increasing amounts of rare earth ele- 
ments; the slight increase in this prop- 
erty in alloys containing 0.18 and 
0.40 pct Mischmetal is undoubtedly 
associated with the unusually fine grain 
size of these alloys as compared to that 
of electrolytic magnesium which is 
100 pct columnar. 

_ It can readily be seen from the data 
in Table 4 that all the alloys, with the 
exception of the magnesium-lanthanum 
alloys, exhibit a certain degree of age 
hardening. The alloys may be rated in 
the following order of decreasing age 
hardening: magnesium-didymium, mag- 
nesium-cerium-free Mischmetal, mag- 
nesium-Mischmetal, magnesium-ce- 
rium, magnesium-lanthanum. From 
these observations it may be con- 
cluded that of the four principal ele- 
ments in Mischmetal, neodymium 
contributes the most to age hardening. 
Quenching from the heat treating tem- 
perature into water at 180°F instead 
of air cooling effects no increase in the 
properties or in the degree of age 
hardening of any of these alloys. The 
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Table 5... . Elongation of Alloys in the Heat Treated + Aged Condition 


at Room and Elevated Temperatures 
ee eI ee 


Percent Elongation in 2 In. 


Percent 
Alloy aoe 
Number Earths | oom 200°F 300°F 400°F 500°F 600°F 700°F 
Temp 
Magnesium 6.0 16.1 23.2 38.0 59.0 81.0 101.0 
Magnesium-Mischmetal Alloys 
ip 0.18 10.0 13,2 24.7 25.2 28.0 59.0 s 
2 0.40 8.2 20.5 24.0 Sant 28.5 52.0 107.6 
3 G Ua Hs 6.0 10. 13.2 18.2 18.7 29.5 65.0 
5 1.62 Bs) 11.0 15.0 15.0 19.0 32.5 76.6 
6 2.50 PARP 3.0 Dao 8.5 16.5 SoG 56.6 
7 2.85 4 ag 5.0 10.0 9.7 11.2 28.2 
8 d.2o i DS PART 120 4.7 NB erg 24.2 113.6 
9 6.33 1.0 22 2.0 2.0 4.2 12.5 77.9 
Magnesium-Ce-free Mischmetal Alloys 
13 0.51 6.0 12.0 Lio 20.0 20.7 25a 70,7 
14 0.93 5.7 12.2 2525 19.0 16rd 25.5 58.3 
15 1.87 Le) Bae 8.5 11.0 14.5 22.2 
16 1.89 3.2 8.5 15.5 17.0 Pa Meer 34.2 121.0 
ied alt 2.3 5.5 14.5 14.5 LT. 26.0 133.0 
18 2.59 Dages 3.0 12.5 15.0 18.0 35.0 133.9 
19 3.00 2.2 2.5 9.2 14.0 15.2 40.7 rosso 
20 5.05 3.5 Site 8.5 11.0 14.5 22.2 
21 5.74 1.5 215 4.5 9.2 34.0 146.0 
Magnesium-didymium Alloys 
22 0.65 Sear 4 13.7 Ged 19.0 23.5 34.0 70.2 
23 1.63 5.0 10.2 15.5 15).0 13.5 33.5 41.7 
24 2.60 3.7 9.0 13.0 1227 $228 31.5 77.0 
25 3.85 2:2 5.0 6.5 9.0 Lisv 37.5 78.6 
26 6.03 0.5 2.5 3.2 6.5 26.6 51.0 
if 
Magnesium-praseodymium-lanthanum Alloys 
27 0.69 4.5 18.0 39.0 
28 1.59 ae 20.0 31.0 
29 3.00 Papeir 14.5 38.0 
30 6.19 OEY A 3.0 27.0 
Magnesium-cerium Alloys 
Bi 0.15 4.5 8.2 1557 15.7 19,2 27-5 49.9 
32 0.45 5.0 9.2 12.2 17.0 16.2 32.0 55.6 
33 1.09 PAS 15.0 18.5 15.5 L752 3252 62.7 
34 1.54 Ate ree: 10.2 16.7 14.0 29.7 
35 2.01 2:3 4.2 Si 13.0 16.5 Pa ee 4 Soe 
36 2.39 client, 3.2 9.0 14.5 18.7 38.5 78.3 
37 2.60 1.5 4.7 LI Le 31.5 83.6 
38 Bre Let Bis 7.0 USS 12.0 40.0 109.3 
39 5.70 ahs 2.0 2.0 Bae 6.5 By 25) 90.6 
40 6.73 0.5 p22 i Br 0: 3.2 3a0 62.3 
Magnesium-lanthanum Alloys 
4] 0.20 7.0 14.0 19.5 26.0 26.2 43.0 
43 0.54 6.0 13.0 19.2 24.0 22.5 36.5 
4A 0.89 4.5 12.2 16.7 20.7 23.0 34.5 
45 1.39 3.5 7.0 10.5 24.0 23.0 24.2 
46 1.60 4.0 9.0 14.7 2. 0 2350 40.7 
AT 2.47 Sue (Gr) KS..7 23.0 21.0 45.0 
48 2.74 3.0 4.5 12.2 21.0 26.7 48.7 
49 2.80 2.7 4.2 9.5 19.2 22,0 28.2 
50 3.59 i ye pale § BE) 14.7 15.8 38.5 
51 3.85 We 9.0 18.5 23.5 48.7 
52 O25 1.0 2.2 3.0 8.7 11.5 34.7 
53 6.70 1.0 eS 2.5 7:5 10.5 40.0 


properties of magnesium-lanthanum 
alloys after heat treating at 1100°F are 
the same as those reported here after 
the 1070°F heat treatment. 

The specific effect of each rare earth 
metal is more clearly illustrated by the 
property vs. temperature plots shown 
in Fig 14, 15, 16 and 17. These graphs 
have been derived from the property- 


composition curves for two levels of 


alloy content, 3 and 6 pct total rare 
earths; below 3 pct alloy content the 
properties decrease quite rapidly to the 
values for electrolytic magnesium. The 
curves in these figures do not neces- 
sarily pass through all the points read 


from the property-composition plots, 
_but deviations from them are no 
greater than 1000 psi. 


EFFECT OF EXPOSURE AT 600°F 


Table 6 shows the tensile properties 
of two compositions of magnesium-— 
Mischmetal, magnesium-cerium-free 
Mischmetal, magnesium-didymium, 
magnesium-cerium, and magnesium- 
lanthanum alloys at room temperature 
and 600°F after holding the test bars 
at 600°F for 5000 hr. This long-time 
exposure treatment was conducted in 
an atmosphere containing 14 to 1 pct 
sulphur dioxide in order to prevent any 
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FIG 5—Tensile yield strength at 500°F. 
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FIG 7—Tensile strength at room temperature. 


preferential oxidation of the rare earth 
jntermetallic compounds. 

- Compared to their properties in the 
HTA condition, the alloys containing 
Mischmetal, cerium-free Mischmetal, 
didymium, and cerium suffer a much 
greater loss in strength at room tem- 
perature and 600°F from this exposure 
than do the magnesium-lanthanum 
alloys. In fact, there is no change in 
the room temperature properties of 
magnesium-lanthanum alloys. How- 
ever, the best combination of strength 
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at room temperature and 600°F after 
the prolonged exposure is exhibited 
by the magnesium + 5.74 pct cerium- 
free Mischmetal alloy. 

Similar data have been reported by 
McDonald* for an alloy containing 
6 pct Mischmetal plus 1.5-2.0 pct 
manganese. His results showed that the 
strength of this alloy decreases within 
16 to 24 hr exposure at 600°F to a 
value that is maintained out to 1000 hr 
exposure. Subsequent experiments on 
the same material have been extended 
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FIG 6—Tensile yield strength at 600°F. 
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FIG 8—Tensile strength at 200°F. 


to 5000 hr without any further change 
in the properties. 


CREEP RESISTANCE 


The creep characteristics of all six 
alloy systems at 400 and 600°F are 
depicted as a function of composition 
in Fig 18 through 21. Only a limited 
number of alloys, other than mag- 
nesium-Mischmetal alloys, have been 
investigated at 500°F; the results of 
these tests together with the data at 
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300°F for magnesium-Mischmetal al- 
loys are summarized in Table 7. 

The pronounced differences among 
the various rare earth metals in their 
respective effect on the creep resistance 
of magnesium at 400°F is demonstrated 
clearly by all three indices of creep 
resistance used to represent the data. 
All the rare earth elements, with the 
exception of lanthanum, effect a marked 
increase in this property in the com- 
position range between 0 and 2 pct. In 
general, the alloys may be listed in the 
same order with respect to creep re- 
sistance as was found in their relative 
tensile properties. This listing applies 
specifically in the range of 3 to 6 pct 
rare earth content; in lower composi- 
tions some of the curves cross one 
another. The decrease in creep strength 
in magnesium-cerium alloys between 
3 and 7 pet cerium content is difficult 
to explain. The reason does not lie in 
grain size variation inasmuch as of the 
two alloys containing 5.70 and 6.73 pct 
cerium, the former has a grain size of 
0.050-0.080 in. and the latter 0.014— 
0.16 in. Furthermore, alloys of lower 
cerium content having higher creep re- 
sistance than either of the two high 
cerium compositions have grain size 
values which fall at both ends of the 
range covered by the high cerium 
alloys. 

The results of tests at 500°F show 
much the same trends as indicated at 
400°F. It will be noted that again there 
is a drop in creep resistance between 
3 and 6 pct cerium. Alloys containing 
1.15, 1.62, 2.50 and 2.85 pct Misch- 
metal exhibit anomalously low creep 
resisLance at 300°F and high creep re- 
sistance at 500°F. These effects appear 
to correlate with the abnormally large 
grain size of these alloys. 

The situation at 600°F is a little 
more confused; many anomalies exist 
in the data rendering them difficult to 
evaluate on a comparative basis. To 
illustrate these effects, Table 7a has 
been prepared from Fig 21 for three 
levels of alloy content: 

These results may be summarized by 
saying that the relative merits of the 
various magnesium-rare earth alloys 
depend upon the temperature. Further- 
more, there definitely appears to be a 
grain size effect, but it is not the same 
for all alloy systems. This effect is most 
pronounced in magnesium-cerium-free 
Mischmetal and magnesium-didymium 
alloys at 600°F, and in magnesium- 
Mischmetal alloys at 300 and 500°F. 
The selection of an alloy for applica- 
tions demanding high creep resistance 
at elevated temperatures must, there- 
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Tableé ... Effect of 5000 Hr Exposure at 600°F on the Tensile Properties 
of Magnesium-rare Earth Alloys 


Tested at Room Temperature Tested at 600°F 
Alloy| Pct, 
Num- Ron HTA HTA + Exposure HTA HTA + Exposure : 
ber Earths 
Pct E| TYS | TS |PctE}) TYS| TS | Pct E| TYS TS |PctE | TYS | TS 
Magnesium-Mischmetal Alloys 
7 2.85 TA 22 LOR Ae ISEO, 8.2 | 16.4 | 28.2 9.0 | 14.2 | 48.0] 3.5 8.2 
9 6.33 Te.0>| F205) 20 ca Os VOLS a4 E25, 9.8 | 14.3 | 34.2 | 4.4 9.8 
Magnesium-Ce-free Mischmetal Alloys 
18 2.59 2.2 V8. ay 28.00 hb os 0 B25 Nhe, | eoone 9.5-| 14.7 | 63.5 | 4.1 9.6 
21 5.74 1.5 | 28.0) 2574 1-5 TS eae | 3408 17-07 0! | S850 Seo a eee 
Magnesium-didymium Alloys 
24 2.60 lel Lacan aad Sell) Uda 3.8 | 21.4 | 31.5 |] 12.6 | 15.9 | 63.5 | 4.4 | 10.4 
26 6.03 O25, (20565). 2607 3.8 925° | 15-7-| 26.2) 1424 161973 AG SON Spain 
aS FEET 
Moagnesium-cerium Alloys 
37 2.60 aD el ko OME Ss Ola Wes 6.9 | 14.8 | 31.5 Sie Ae Sara eae 7.0 
39 5.70 i Es en WC fm Ce Yo a ent) 9.9 | 14.4 | 32.5 6.45) 10.6 | 25.7 -| 326 8.8 
Magnesium-lanthanum Alloys 
48 2.14 3.0 7.4 | 15.2 | 4.0 7.4 | 15.4 | 48.7 Sk 7:4 |-75.5-| 2:4 tee? 
53 6.7 1.0) L265 162 Ea POs 12 Or iso 4| 4050 5.2 |°10,8>)' 44.5) |) 3.36 8.2 
\ 


Pct E—Percent elongation in 2 in. 


TYS—tTensile yield s 


trength in 1000 xsi 


TS—tTensile strength in 1000 psi 


fore, take into consideration the tem- 
perature range as well as the stress 
level. In order to illustrate the range 
in properties that exists in magnesium 
alloys, the tensile properties and creep 
limits of three rare earth alloys are 
compared with those of two com- 
mercial casting alloys and magnesium-6 
pet zinc-zirconium alloy!® in Table 8. 
The superiority of the alloys containing 
rare earth metals over the other alloys 
at 400°F is clearly demonstrated. In 
addition, this table illustrates in a con- 
cise form the quantitative differences 
among the rare earth alloys. 


KLECTRICAL CONDUCTIVITY 


The results of electrical conductivity 
measurements are given in Fig 22 for 
various conditions of heat treatment. 
The experimental points have been 
omitted from these plots in order to 
render the curves more. clearly dis- 
cernible. [t can be said that the curves 


Table 7 . . . Creep Limits at 500°F 


Creep Limits— 
1000 psi 
Alloy iti 
No. a 0.1 pet|0.2 peti0.5 pet 
Creep | Total | Total 
Exten-| Exten-| Exten- 
sion | sion | ‘sion 
300°F 
Pct 
2 0.40 Mischmetal 5.5 5.2 Sich 
3 1.15 Mischmetal 7.9 6.1 fee, 
5 1.62 Mischmetal 9.0 6.8 8.7 
6 2.50 Mischmetal 9.7 7:3 9.2 
7 2.85 Mischmetal | 10.1 Cire) 9.0 
8 3.23 Mischmetal | 10.0 8.4 | 10.2 
9 6.33 Mischmetal | 10.6 9.6 | 11.8 
500°F 
2 0.40 Mischmetal 3.1 352 4,2 
3 1.15 Mischmetal 5.6 5.0 6.1 
5 1.62 Mischmetal 6.1 5.8 6.3 
6 2.50 Mischmetal 6.5 SS 7.4 
7 2.85 Mischmetal 7.4 6.8 8.3 
8 3.23 Mischmetal 4.7 4.7 6.2 
9 6.33 Mischmetal Seeds 5.5 Oak 
19 3.00 Ce-free ayaa 5a5. 7.0 
Mischmetal 
21 5.74 Ce-free aoe 5.6 7.4 
Mischmetal 
25 | 3.85 Didymium 6.0) 2S. 9n leas 
38 3.57 Cerium 4.8 4.8 5.6 
39 5.70 Cerium as7 3.8 4.5 


Table 7a . . . Comparison of Creep Limits at 600°F 


Creep Limit—1000 psi 


Rare Earth Metal 


/1.5 pet 
Total Rare Earths 


3 pet 6 pet 
Total Rare Earths Total Rare Earths 


0.1 pet, 0.2 calne pet,0.1 pet)0.2 pet)0.5 pet|0.1 pet}0.2 pcti0.5 pct 


otal | Creep | Total | Total | Creep | Total 


Creep | Total | T 
Mischniotali: <is.0% is cake ce oO: pase 
Cerium-free Mischmetal.......... 1.8 1.9 
Didy miu mag tien. shal eee el ea PAPAL 
Praseodymium + lanthanum..... 2.0 oer 
Geriuta ai satis ihre, ees ae Sc aee 255 
Manthanumine nena ee ieee i sat 12 
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FIG 10—Tensile strength at 400°F. 
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FIG 9—Tensile strength at 300°F. 
Mg-MISGHMETAL ALLOYS 
© ——- Mg-Ge-FREE MISGHMETAL ALLOYS 
Mg-DIDYMIUM ALLOYS 
e— — Mg-GERIUM ALLOYS 
g——--.Mg-LANTHANUM ALLOYS 
a 
a 
fo) 
° 
° 
' 
o 
o 
w 
cc 
- 
no 


PERCENT RARE EARTH 


FIG 11—Tensile strength at 500°F. 


as drawn follow faithfully the experi- 
mental data. The zero point of each 
series of curves is the conductivity of 
cast electrolytic magnesium in the 
same condition of heat treatment as 
the alloys in the series. The conduc- 
tivity of this grade of magnesium is 
naturally a little lower than the value 
of 0.23 reciprocal microhm-cm reported 
for pure magnesium. 

The decrease in conductivity with 
composition in each of the alloy sys- 
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tems is well illustrated by the curves. 
Considering the conductivity changes 
that take place upon aging, it may be 
predicted that the solid solubility of 
neodymium in magnesium is greater 
than that of any of the other rare earth 
elements. On the other hand, the rela- 
tive insensitivity of the conductivity 
of magnesium-lanthanum alloys to heat 
treatment and to aging leads one to the 
conclusion that the solubility of lantha- 
num in magnesium is very low, cer- 
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FIG 12—Tensile strength at 600°F. 


tainly lower than that of cerium. This 
is in contradiction of the findings of 
Weibke and Schmidt?’ and of Haughton 
and Schofield!? both of whom have re- 
ported essentially equivalent solid solu- 
bilities of cerium and of lanthanum in 
magnesium. The measurements on 
magnesium-lanthanum alloys were re- 
peated after heat treating the alloys 
at 1100°F; no change was recorded in 
the conductivity after this heat treat- 
ment nor did any change occur upon 
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Table 8. Comparison of Properties of Magnesium-Rare Earth Alloys with 
Other Magnesium Alloys 
Creep Limits* (100 hr) 
4s 
Alloy and Condition Pet E| TYS*| TS* ei act 0.2 pet Ont 
Creep Total Total 
Extension | Extension | Extension 
Room Temperature 
Mg + 6.33 pct Mischmetal (HTA). L017 05) 2074 
Me + 5.74 at Ce-free-Mischmetal (H TA) Lesage caf 25.4 
Mg + 6.03 pet didymium (HTA)......... 0.5 20.6 25.1 
Mg + 6Zn i, Zane CER DWAS) aipescasaees ene aa 4.9 23.9 39.5 
V NYAS P24 AG RY. Na reat ne rnin ton Scr etary fies 2 23 40 
INZGS=E TS Shan nde inten ae anterior 7 17 40 
400°F 

; Ar 8 
Mg + 6.33 pct Mischmetal (HTA)........ 2.0 -) 14.7 18.6 LO 9.6 ll. 
Meet 5.74 pct Ce-free Mischmetal (H a) 4.5 | 16.8 24.3 i325 10.3 15.5 
Mg + 6.03 pct Didi one Bia ad KI eae 14.7 11.2 1720 
Mg + 6Zn+ 1Zr...... 245°) RS LPS: 2 4.1] Wee} 6.0 
PA AS PA s lid Wy, Capac ae re tess Peon Rieter sieca ih Gas eke cha 36.0 | 10.9 | 16.9 0.9 
AZ6S2 ERPS ice cave voor weet on ee ene tes cae 201") Tice Ds hee 25D 


* 1000 psi 

+ Heat treated and aged at 400°F (16 hr) 
t Mg-9Al-2Zn-0.2Mn:—Heat treated and aged at 425°F (10 hr) 
§ Mg-6A1-3Zn-0.2Mn:—Heat treated and aged at 500°F (4 hr) 
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aging at 400°F for 16 hr subsequent to 
the same heat treatment. 


DENSITY 


The density of magnesium-Misch- 
metal, magnesium-didymium, magne- 
sium-cerium and magnesium-lantha- 
num alloys, all in the HTA condition, 
is shown as a function of composition 
in Fig 23. There is no significant differ- 
ence in the density of these four types 
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FIG 13—Tensile yield strength and tensile strength at 700°F. 
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FIG 14—Tensile yield strength of magnesium—3 pct rare earth 


alloys as a function of temperature. HTA condition. 


of alloys. With this information on 
hand, it can be predicted that the den- 
sity of magnesium-cerium-free Misch- 
metal alloys and that of magnesium- 
praseodymium-lanthanum will fall in 
the same range. 


METALLOGRAPHY 


Considerable attention was given 
to the microstructure of the alloys 
throughout this investigation; a few 


micrographs (Fig 24 through 30) are 
presented to illustrate some of the most 
important features of the structures. 
The etchants used have been described 
by P. F. George.16 

The as-cast structure of the 6 pct 
composition of each of the six alloy 
systems is shown in Fig 24 at a magnifi- 
cation of 100 X and in Fig 25 at 250 x. 
The general distribution of second 
phase is clearly illustrated in Fig 24. 
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FIG 15—Tensile strength of magnesium—3 pct rare earth alloys 
as a function of temperature. HTA condition. 
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FIG 17—Tensile strength of magnesium—6 pct rare earth alloys 
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FIG 16—Tensile yield strength magnesium—®6 pct rare earth 
alloys as a function of temperature. HTA condition. 


as a function of temperature. HTA condition. 


All the alloys have a dendritic struc- 
ture. There is a distinct difference in 
the nature of the eutectic in alloys 
containing more than one rare earth 
element from that in the magnesium- 
cerium alloy and in the magnesium- 
lanthanum alloy. Both the magnesium- 
cerium and the magnesium-lanthanum 
alloys have a very fine eutectic which 
can be resolved only with difficulty at 
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250 X. However, in all the other alloys, 
there is a very strong tendency for the 
eutectic to become divorced, in fact in 
magnesium-didymium alloys it is com- 
pletely divorced, and what eutectic is 
present is in the form of massive com- 
pound areas with particles of mag- 
nesium solid solution imbedded in 
them. The magnesium-cerium and the 
magnesium-lanthanum eutectics are 
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FIG 18—Limiting stress for 0.1 pct creep extension in 100 hr 


at 400°F. 


shown more clearly at higher magnifi- 
cation in Fig 26 and 27 and for still 
better resolution of their structure the 
electron microscope was used with the 
results shown in Fig 28 and 29. That 
these two eutectics differ in the dis- 
tribution of their respective compo- 
nents is apparent. 

The structure of alloys containing 
lower amounts of rare earths are not 
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FIG 19—Limiting stress for 0.2 pct total extension in 100 hr 
at 400°F. 
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FIG 20—Limiting stress for 0.5 pct total extension in 100 hr 
at 400°F. 
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FIG 21—Limiting stresses for 100 hr creep at 600°F. FIG 22—Electrical conductivity of magnesium—rare earth alloys 
at 95°F. 
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FIG 23—Density of magnesium—rare earth alloys at 25°C 
(77°F). HTA condition. 


shown. The amount of eutectic de- 
creases with decreasing alloy content 
and the eutectic network ceases to be 
the continuous phase in alloys con- 
taining less than 2 to 3 pct rare earth 
elements. The eutectic in the complex 
alloys is completely divorced and the 
magnesium-cerium and the magnesium- 
lanthanum eutectics show increasing 
tendency to divorce in lower alloy con- 
tents. There is compound or eutectic 
present in alloys containing as little 
as 0.10 pct total rare earths. 


: 
The microstructures of the 6 pct 


PA 
alloys after heat treating and aging are 


0 2 4 6 Oo 2 4 6 shown in Fig 30. In all the alloys the 
PERCENT TOTAL RARE EARTHS compound of the eutectic has been 
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FIG 24—Structure of as-cast magnesium— 


rare earth alloys. 

Glycol etchant. 100 X. Slightly reduced in re- 
production. a. Mg + 6.33 pct Mischmetal. b. Mg 
+ 5.74 pct Ce-free Mischmetal. c. Mg + 6.03 pct 
didymium. d. Mg + 6.19 pct (Pr + La). e. Mg + 
6.73 pct cerium. f. Mg + 6.70 pct lanthanum. 
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coalesced and the continuity of the 
network has been broken so that the 
matrix is the continuous phase. For 
any given alloy content, the magne- 
sium-didymium alloy has the least 
compound, and the magnesium-lantha- 
num alloy the most. The compositions 
of each alloy system which consists 
only of magnesium solid solution with 
no rare earth intermetallic compound 
after heat treatment are listed below: 


Magnesium-Mischmetal. 0.18 pct total rare earth 
Magnesium-cerium-free 
Mischmetal.......... 0.20 pct total rare earth 
Magnesium-didymium.. 0.65 pct total rare earth 
Magnesium-praseo- None, lowest composi- 
dymium-lanthanum tion available was 
0.69 pct 
Magnesium-cerium..... 0.15 pct total rare earth 
Magnesium-lanthanum..-None, lowest composi- 
tion examined was 
0.16 pet 


Increasing the heat treating time to 
96 hr does not change these results. 
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Increasing the heat treating tempera- 
ture for magnesium-lanthanum alloys 
does not decrease the amount of MgsLa 
nor does it result in a completely 
homogeneous structure even in the 
lowest composition available. These 
findings confirm the conclusions formed 
from conductivity; neodymium has the 
greatest solid solubility in magnesium 
and lanthanum, the least. 

Aging at 400°F for 16 hr produces a 
visible precipitate in the magnesium- 
cerium-free Mischmetal alloy but even 
here the amount of precipitate is small 
and the particles are very fine (Fig 30b). 
In a previous publication,‘ it has been 
shown that in the magnesium + 6 pct 
Mischmetal alloy in the HT'A condition 
precipitate can be revealed only by the 
electron microscope. 


Aging at 600°F produces a large 
amount of coarse precipitate in all the 
magnesium-rare earth alloys except 
magnesium-lanthanum, as shown pre- 
viously for magnesium-Mischmetal al- 
loys.4 The time required to produce > 
this precipitate is considerably longer 
in alloys containing 3 and 6 pct 
didymium than in all other alloys. 
Extending the aging time at 600°F to 
5000 hr fails to produce any precipi- 
tate in magnesium-lanthanum alloys, 
whereas this treatment leads to the 
coalescence of the precipitate into 
fairly large particles in the case of 
magnesium-didymium and to the coa- 
lescence of the precipitate with the 
undissolved compound already present 
in magnesium-Mischmetal and mag- 
nesium-cerium alloys. Only magnesium- 


FIG 25—Structure of as-cast magnesium— 


rare earth alloys. 

Glycol etchant. 250 X. Slightly reduced in re- 
production. a. Mg + 6.33 pct Mischmetal. b. Mg 
+ 5.74 pet Ce-free Mischmetal. c. Mg + 6.03 pet 
didymium. d. Mg + 6.19 pet (Pr + La). e. Mg + 
6.73 pet cerium. f. Mg + 6.70 pct lanthanum. 
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FIG 26 (left)—Eutectic in te + 6.73 pct Ce alloy. As-cast FIG 27 (right)—Eutectic in Mg + 6.70 pct La alloy. As-cast 
condition. iti 
Glycol etchant. 1000 X. Glycol cor See 


fo FIG 28—Electron micrograph of eutectic in Mg + 6.73 pct Ce alloy. As-cast condition. 
; Methyl iodide etchant. 10,000 X. R 
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cerium-free Mischmetal alloys retain a 
uniform distribution of precipitate 
after this prolonged aging treatment. 
This may explain the somewhat higher 
strength of these alloys after this 
treatment. 


Summary 


All the rare earth metals investi- 
gated enhance the strength, hardness, 
and creep resistance of magnesium at 
room and elevated temperatures. There 
are, however, marked differences among 
the metals in the degree to which they 
improve these properties. 

The various magnesium-rare earth 
alloys may be rated in the following 
order of decreasing tensile properties at 
room and elevated temperatures and 
creep resistance at 400 and 500°F: 

1. Magnesium-didymium. 2. Mag- 
nesium-cerium-free Mischmetal. 3. 
Magnesium-praseod ymium-lanthanum. 
4. Magnesium-Mischmetal. 5. Magne- 
sium-cerium. 6. Magnesium-lanthanum. 


The relative effect of each rare earth 
metal on the creep resistance of mag- 
nesium at 600°F depends upon the 
composition level and, to a certain 
extent, upon the grain size. 

Of the rare earth metals investi- 
gated, neodymium exhibits the greatest 
solid solubility in magnesium and 
lanthanum, the least. The solid solu- 
bility of lanthanum is much less than 
that reported in the literature. Cerium 
also appears to have a somewhat lower 
solid solubility in magnesium than that 
reported in the literature. 

The results of this investigation have 
shown that considerably higher ele- 
vated temperature properties can be 
developed in magnesium-didymium and 
magnesium-cerium-free Mischmetal al- 
loys than those exhibited by magne- 
sium-Mischmetal alloys. At 400°F, for 
example, the properties of magnesium- 
didymium alloys are 20 to 50 pet higher 
than those of magnesium-Mischmetal 
alloys. Although the superiority of 
these alloys may not hold over the 


entire temperature range, their advan- 
tage at certain temperatures may 
warrant their serious consideration for 
commercial applications. Further de- 
velopment of these alloys will depend 
upon the availability of the rare earths 
and a possible reduction in their cost. 
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5.74 pct Ce-free Mischmetal. c. Mg + 6.03 pct didymium. d. Mg + 6.19 pct (Pr + La).e. Mg + 6.73 
pet cerium. f. Mg + 6.70 pct lanthanum. 
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The Relationship Between 

Eleetrical Conductivity and 
Composition of Molten Lead 
Silicate Slags 
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A. KENNETH SCHELLINGER,* Junior Member AIME and ROBERT P. OLSEN+ 


Molten silicate salts, the important 
industrial byproducts termed ‘“‘slags,” 
are known to be electrolytic conductors 
at furnace temperatures. This property 
is due to their partial dissociation into 
ions with the ion kind and size being 
closely related to the slag composition. 
Ionic conductance, in liquids, is a 
function of the viscosity, which in turn 
is a function of the temperature. It 
could be anticipated, therefore, that a 
semi-log plot of conductivity vs. re- 
ciprocal absolute temperature might 
yield a straight line, in the case of 
molten silicates and salts. As liquids, 
the viscosity of these slags should fol- 
low the Shepard! relationship: 


log viscosity = = ee 


Then, if the resistance of the molten 
slag is directly proportional to the 
viscosity : 


log Rs = +B 


Resistance measurements of molten 
halide salts,? and silicate salts’ by 
various investigators have, indeed, 
shown this straight line relationship 
between resistance and temperature. 
A further relationship between the 
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conductivity versus the degree of ioni- 
zation, the size of the ions, and the slag 
composition is, also, to be expected. 
Large ions, and fewer ions, would move 
more slowly in a potential field and 
could not carry as much current as 
smaller, more numerous, and mobile; 
ions. Conductivity, therefore, would be 
smaller in the presence of such large 
ions and higher slag viscosities. 

The conductivity-composition rela- 
tionship is of considerable interest in 
the case of the industrial slags pro- 
duced in iron blast furnaces, and non- 
ferrous smelting furnaces. These slags 
usually approximate three component 
systems with several minor components 
as impurities. At least one of the major 
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components is commonly purchased 
for the sole purpose of rendering the 
slag less viscous at a reasonable furnace 
temperature. Should the conductivity 
be related rather directly to the con- 
centration of such a purchased slag 
component (that is, CaO) instrumental 
measurement and control at the fur- 
nace might be possible. Modern tele- 
metric control methods in aqueous 
chemical process industries are often 
based on the property of conductivity 
of solutions, and its variation with 
composition. 

Investigators’ of the phenomenon of 
electrical conductivity in molten blast 
furnace slags have established that 
these systems show lines of equal con- 
ductivity on their ternary diagrams at 
one temperature level. These isocon- 
ductivity lines form closed contours on 
the diagrams, and at times, minimum 
areas occur at which these contours are 
essentially closed down to a point. The 
conductivity reading at such a point, 
at one temperature, would, of course, 
locate one on the diagram, and give the 
slag composition. 

Research in this field is understand- 
ably scanty. The reactive nature of 
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FIG 1—Log conductivity vs. reciprocal of absolute temperature 


these slag systems at their liquid tem- 
peratures renders the construction of a 
measuring apparatus extremely difficult. 
Temperature control is, also, not easy 
to achieve. Complex ternary systems 
often obscure experimental data by 
the introduction of uncontrollable 
variables. 


Experimental Procedure 
and Apparatus 


The present’ research was started 
with the hope of obtaining some fur- 
ther data on industrial systems. How- 
ever, preliminary work on low-melting 
lead silicate systems seemed like a 
logical starting point in establishing 
the validity of the conductivity-com- 
position control method. Accordingly, 
several artificial slags were made up 
from cp litharge and silica. These 
ranged in content from 10 pct SiO: to 
30 pct SiO», by weight. These slags 


were melted in 10-g silica assay cru- - 


cibles held in an electrically-heated 
pot furnace. An assembly, consist- 
ing of two platinum electrodes, plus 
a chromel-alumel thermocouple, was 
fitted on the top of the crucible. This 
allowed the electrodes and thermo- 
couple to dip into the molten slag to a 
predetermined depth. 

Temperature and conductivity were 
read simultaneously at each point; first 
with the temperature increasing, and 
then with it decreasing. Temperature 
was read on a Leeds and Northrup 
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for PbO-SiO:» slags in liquid state. 


portable potentiometer. Conductivity 
readings required 1000-cycle current, 
supplied by an audio-oscillator, and a 
resistance bridge circuit, calibrated in 
ohms. The null-point method was then 
used for both resistance and tempera- 
ture. The conductivity apparatus was 
calibrated to yield specific conductivi- 
ties, according to the formula: 


where K is the cell constant 
[hg ss R and R is the resistance read- 
ing in ohms. 
K was determined by a calibration 
using standard KCI solutions. 


Results 


A number of temperature-conduc- 
tivity points were read for each slag 
composition, above its melting point. 
Fig 1 shows these points plotted to a 
log conductivity-reciprocal absolute 
temperature scale. It will be seen that 
the points for slag composition can be 
averaged as a straight line of formula: 


Log ls = 4 - B 


Where A is a constant for each line— 
the slope of the line—and B is a second 


constant. 
This formula can be derived from the 
Shepard! formula for viscosity: 


A 
Logu=y7tB 


by assuming molten slag specific resist- 
ance as directly proportional to vis- 
cosity, whence: 


A 
Log Rs = +B 


il 
and as, Rs = aE then, 
1 A 
Log 7, = Log 1 — Log Ls =p ae Bs 


or, Log Ls = ae — B. 


The correspondence between this for- 
mula and the one for the plotted points 
in the lead silicate system is considered 
good evidence of the direct relationship 
between viscosity and conductivity in 
these slags. 

It will be noted, also, that the four 
slags with Si0;/PbO ratios of 1.00, or 
greater, all have almost equal slopes. 
That is, for these compositions, A is a 
constant. Further, the three slags of 
SiO./PbO ratios less than 1.00 yield 
lines with approximately equal slopes, 
or Constant A. 

A» has an average value of 11,200, 
which makes the equation of the lines 
in group IT: 


—11,200 
Log Ls = REE pie oe B 
Similarly, the equation for group I is: 
—5000 
Log sus Biansy vai —B 


If we take unit conductivity (Ls = 1) 
as a reference point, then for group IT: 


—11,200 = 200 
B= cert aa and Tu = By os i 
and for the group I: | 

—5000 
Tu = B 


where Tu is the absolute temperature 
of unit conductivity for each slag com- 
position, corresponding to its con- 
stant B. 
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FIG 2—Temperature of unit conductivity vs. mol pct 


SiO». 


When these Tu values are plotted 
against molecular percentage of SiOz, 
the points can be averaged by two 
straight lines of different slopes, one 
for each group. This will be seen by a 
glance at Fig 2. The break between 
these two curves is seen to occur at 
about 50 mol pct SiO», or about 21 pct 
by weight of SiO. This break is such 
that the temperature of unit conduc- 
tivity drops sharply at this composi- 
tion. The slag suddenly conducts the 
same amount of electricity at a much 
lower temperature. This seems to indi- 
cate an increase in the number of ions 
and a decrease in the size of the ions, 
or both. Such an event could occur by 
the ionization, and disappearance, of a 
large molecular association such as 
PbO.SiO>. It is interesting to note that 
the constitutional diagram® of PbSiO; 
vs. temperature shows a temperature 
maximum in its liquidus line at 21 pct, 
by weight, SiO.. This maximum is at 
1137 degrees absolute and corresponds 
to the compound PbO.SiO». 

The equation for line I, in Fig 2, is: 
Tu = 20N + 570, or | 


N= a = 0.05Tu — 28.5 
and as, Tu = —_ for group I 
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— 250 
(when Ls = 1) then N = saci oer 28.5 
= mol pct SiO» where B, for group I, 
is given by: 
5000 
—B = Log Ls + ey 
Similarly, for line II, in Fig 2: 
— 917 
= Soe 0.128Tu — 117.6 
—11,200 
B 
— 1432 
B 
and, B for group II is given by: 


—B = log Ls + —— 


and, substituting, Tu = for 


group II, whence N = — 117.6 


These equations can be used to pre- 
dict the mol pct SiO, of lead silicate 
slags, in the absence of Fig 1 and 2, as 
follows: 

Suppose that a slag of unknown 
silica content gave a specific conduc- 
tivity reading of Ls = 0.00725 mho at 
a temperature of 800°C or 1073°K. 
Here Log Ls = 3.860. Assume that any 
reading with a log value less than 2.00 
will be in group II. Then, 


—B = Log Ls + ee 
= 3.860 + 10.42 = 8.28 
—1432 


117.6 = 55.6 mol pct SiO». This is seen 
to be one of the points of slag 20, in 
group II. This slag therefore, has a 
composition of 25 pct SiO», by weight. 

For this simple binary system, these 
equations, or corresponding nomo- 
graphs will convert specific conduc- 
tivity, plus temperature readings to 
composition. Small amounts of impuri- 
ties probably will not affect this rela- 
tionship; however, this fact has not 
been definitely established. Extension 
of this method to other binary, and, 
perhaps, ternary systems would place 
a useful tool in the hands of the furnace 
metallurgist. 
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Introduction 


The increasing need for materials 
capable of withstanding higher oper- 
ating temperatures for various appli- 
cations such as gas turbine blading and 
other parts, rocket nozzles, and many 
industrial applications, has brought 
consideration of cemented carbide com- 
positions. The well known usefulness of 
cemented carbides as tool materials is 
attributable to their ability to retain 
their strength and hardness at much 
higher temperatures than even com- 
plex alloys. However, it has been found 
that the temperatures encountered in 
cutting operations do not approach by 
several hundred degrees! those involved 
in the applications mentioned above 
where the interest is in materials 
possessing strength and resistance to 
oxidation at temperatures of 1800°F 
and above. At these latter tempera- 
tures, the tool type compositions which 
are made up essentially of tungsten 
carbide are found to oxidize very 
rapidly and to produce oxidation prod- 
ucts of a character which offer no pro- 
tection to the remaining body. As a 
further consideration, the density of 
the tungsten carbide type compositions 
is high, from about 8.0 to 15.0. 

The refractory metal carbides as a 
‘class are the highest melting materials 
known as shown by Table _1 which 
summarizes the available data from the 
literature for the carbides of the ele- 
ments which are sufficiently available 
for consideration for these uses. The 
density is also included in the table, 
since as mentioned above, it is an im- 

portant consideration in many of the 
applications for which the materials 
would be considered. It has been estab- 
lished that in the tool compositions the 
mechanism of sintering with cobalt is 
such as to result in a continuous carbide 
skeleton and that the properties of the 
sintered composition are thus essen- 
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Table 1. . . Melting Points 
and Density 


Carbide Meloae Point Density 
g per cc 
TaC 3880 14.49 
CbC 3500 7.82 
nie 3140 4.90 
WIG 2870 15.50 
VC 2810 5.36 
Moe2C 2380 8.9 
Cr3Ce 1890 6.68 


tially those of the carbide.? On the 
hypothesis that this mechanism holds 
to a greater or less degree in cementing 
most of the refractory metal carbides 
with an auxiliary metal, it appears 
from Table 1 that titanium carbide 
compositions would offer possibilities 
for a high temperature material. 

Titanium carbide has extensive use 
for supplementing the properties of 
tungsten carbide in tool compositions. 
Although the literature contains several 
references to compositions containing 
only titanium carbide with an auxiliary 
metal,*.4.5.6 it may be inferred from the 
meager data that such compositions 
were deficient in strength and were con- 
sidered to have poor oxidation resist- 
ance.’ Kieffer, for instance, reports the 
transverse rupture strength of a hot 
pressed TiC composition at 100,000 psi 
as compared to up to 350,000 psi for 
WC compositions. 

The work described herein was under- 
taken to determine the properties of 
compositions consisting of titanium 
carbide and an auxiliary metal and to 
improve the oxidation resistance of 
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such compositions. It appeared pos- 
sible that the inclusion of one or more 
other carbides with titanium carbide 
might improve the oxidation resistance 
and also that this might be more de- 
sirable than other means from the 
point of view of maintaining the high- 
est possible softening point. Considera- 
tion of the available carbides in Table 1 
suggests tantalum and columbium car- 
bides because of their high melting 
points and general refractoriness. The 
work on improving oxidation resistance 
was concentrated on the addition of 
tantalum carbide or mixtures of tanta- 
lum and columbium carbide. The 
auxiliary metals used included cobalt, 
nickel and iron. It was also desired to 
learn the general physical properties of 
these compositions. 


Experimental Procedure 


The compositions used in this study 
were made by the usual powder metal- 
lurgy procedure applicable to cemented 
tungsten carbide compositions. The 
powdered carbide or carbides and 
auxiliary metal were milled together 
out of contact with air. In some cases 
cemented tungsten carbide balls and in 
other instances steel balls were used to 
eliminate any effect of tungsten carbide 
contamination. A temporary binder, 
paraffin, was then included in the mix 
and slugs or ingots were pressed with 
care to obtain as uniform pressing as 
possible. The ingots were presintered 
and the various shapes of test speci- 
mens were formed by machining, 
making the proper allowance for shrink- 
age during sintering. Thereafter the 
shapes were sintered in vacuum at 
temperatures of from 2800 to 3500°F. 
Final grinding to size was carried out 
by diamond wheels under coolant. 

The titanium carbide used contained 
a minimum of 19.50 pct total carbon 
and a total of 0.50 pct metallic impuri- 
ties as indicated by chemical and 
spectrographic analysis. It was found 
by X ray diffraction examination with 
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FIG 1—Arrangement of apparatus used for gas oxidation tests. 


a Norelco Recording Spectrometer to 
have the usual NaCl type of cubic 
lattice with a parameter of 4.32 A. The 
auxiliary metals were in the form of 
pure hydrogen reduced powders. The 
carbides used to modify the TiC for 
increasing its oxidation resistance were 
made by the McKenna “‘menstruum” 
process.’ These were TaC and a three- 
carbide solid solution of the following 
approximate composition: Ch, 50.0 pct, 
Ta, 32.5 pct, Ti, 7.0 pet and carbon 
10.5 pct. The latter is of interest be- 
cause it offers a more available source 
of columbium and tantalum being 
made directly from suitable columbite 
ore without the need for separations. 
Two tests were used to determine 
oxidation resistance. In the first test 
used in the earlier phases of the work a 
tube furnace arrangement combining 
electric and gas heating as shown in 
Fig 1 was used. The blast burner fuel 
gas ratio was so adjusted that com- 
bustion was not complete until the 
gases had passed over the specimens 
and through the tube and some flame 
was maintained at the exit end of the 
tube. An analysis of the gas at the 
specimens showed the following: 


Pct 
COM cms cans ites keno Son 
COR ata dans to ee 4.0 
(Opa aeieten ape be noe 6.1 
INovand HsOni aceon ae a Balance 


The temperature of the specimens was 
maintained at 2100°F. This condition 
was found to be insufficiently severe. 

The second procedure consisted of 
heating the. ground specimens on ce- 
ramic or carbon supports in an unsealed 
muffle furnace without atmosphere con- 
trol. Various conditions with respect to 
time and temperature were used as 
noted later. 

The problem of measuring deteriora- 
tion is difficult. The scales or coatings 
formed are highly adherent and cannot 
be removed mechanically; and they 
cannot be removed chemically without 
the danger of attacking the sound body. 
Methods based on -weight increase 
appear to be satisfactory although 
somewhat difficult of interpretation be- 
cause of the varying stoichiometric in- 
creases associated with the oxidation 
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of the various constituents. Measure- 
ment of the increase in thickness was 
found to agree well with weight in- 
crease values and was used as a measure 
for most of the work. In a few in- 
stances, strength measurements made 
after exposure demonstrated the de- 
crease in strength to be proportional to 
the thickness increase. In a few in- 
stances microscopic examination was 
also made on polished cross-sections. 

The strengths were determined at. 
room temperature and at 1800°F by 
the transverse bending method. The 
particular arrangement used is shown 
in Fig 2 and has been widely used for 
testing the strength of the tool com- 
positions. It is satisfactory as long as 
the materials being tested are of high 
compressive strength so that the failure 
is by tension rather than by shear. It 
was found by a compressive-strength 
test using the method of Bridgeman® 
that the compressive strength of the 
composition of 80 pct TiC and 20 pct 
Co was 550,000 psi at room tempera- 
ture and it was therefore considered 
that the short span specimen would 
yield satisfactory values for compari- 
son purposes. This has since been con- 
firmed qualitatively by work done on 
longer span specimens 14 by 14 by 
4 in.1° For the high temperature tests 
the specimen was heated by induction 
with a coil surrounding the supports 
and the specimen and with the thermo- 
couple placed directly in contact with 
the bottom surface of the specimen. 
Additional tests were carried out at 
other temperatures up to 2000°F in the 
case of two of the compositions. The 
room temperature tests were made on 
a calibrated hydraulic testing machine 
or on a Brinell testing machine. The 
high temperature tests were made on 
a hand operated hydraulic press cali- 
brated with a proving ring. 

The density of the sintered composi- 
tions was measured in all cases to deter- 
mine completeness of sintering. This 
was carried out on ground specimens 
using the water immersion method and 
with a commercial wetting agent in the 
water. The theoretical density was 
calculated on the assumption that 
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FIG 2—Arrangement for transverse rup- 
ture testing. Specimen cross section is 0.200 
in. thick X 0.375 in. wide. 
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FIG 3—Comparison of oxida- 
tion of tungsten carbide and ti- 


tanium carbide compositions. 

a. 94 pet WC—6 pct cobalt. b. 73 
pet WC—11 pct cobalt—16 pct ti- 
tanium, columbium and tantalum as 
carbides. c. 80 pct TiC—20 pct cobalt. 
d. 60 pct TiC—20 pct cobalt—20 pct 
titanium, columbium and tantalum as 
carbides. 


there was no retention of any of the 
carbides in solution in the auxiliary 
metal phase or change of any of the 
constituents in compositions. This was 
deemed a satisfactory criterion for de- 
termining completeness of sintering. 
Other properties, including hardness, 
thermal and electrical conductivity and 
thermal expansion, were measured on 
two of the compositions to determine 


their general character. 


Experimental Results 


Early oxidation tests with the appa- 
ratus shown in Fig 1 indicated the oxi- 
dation rate of TiC compositions to be 
as little as 0.0002 in. thickness increase 
per face per hr at temperatures up to 
2100°F with an adherent coating 
formed. The transverse rupture strength 
at room temperature for the 80 pct 
TiC-20 pet Co composition was found 
to be from 160 to 190,000 psi and at 
1800°F it was found to be of the order 
of 100,000 psi. Further oxidation tests 
made in the muffle furnace for 18 hr 
periods showed. that while these TiC 
compositions oxidized somewhat rap- 
idly at 1800°F (up to 0.0011 in. thick- 
ness increase per face per hr), they 
were considerably superior to the 
tungsten carbide base materials which 
showed rates as high as 0.050 in. and 
oxidation products of inferior character 
as shown by Fig 3. The first. composi- 
tion is 94 pet WC and 6 pct Co, the 
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second 73 pet WC and 11 pct Co and 
the balance titanium, tantalum and 
columbium as carbides. In both in- 
stances the oxides are fluffy and non- 
adherent. The third specimen is 80 pct 
TiC and 20 pct Co. The fourth com- 
position is the same as the third except 
that 20 pct of the solid solution of 
columbium and tantalum and titanium 
carbides was included as will be dis- 
cussed later. 

The oxidation rates of compositions 
containing varying quantities of cobalt, 
nickel and iron with TiC only and of 
compositions including TaC and the 
three carbide solid solution were deter- 
mined in an 18 hr muffle test as shown 
in Table 2. The rates for the various 
auxiliary metals are observed to be of 
the same order of magnitude. In these 
preliminary tests it was found that 
from 25 to 35 pct of TaC substituted 
for an equal weight of TiC reduced the 
oxidation by tenfold as is shown in 
Table 2. This same result could be 
accomplished equally well by smaller 
percentages of the columbium, tanta- 
lum, titanium carbide solid solution. A 
series of compositions was therefore 
prepared using cobalt as the auxiliary 
metal maintained at 12.3 pct by vol- 
ume—of the composition. The three 
carbide solid solution content was 
varied as shown in Fig 4. The sintered 
test pieces were subjected to a 64 hr 
test in the muffle with the results 
shown. The marked effect of the co- 
lumbium and tantalum in even small 
percentages in reducing the oxidation 
’ is to be noted as well as the fact that 
compositions which are very high in 
columbium and tantalum carbide oxi- 
dize more rapidly than the high TiC 


oe 


FIG 5—Coating on TiC composition heated 210 hr 
in muffle at 1800°F. 66.3 pct TiC, 15 pct solid solution 


of CbC, TaC, and TiC, 18.7 pct Co. 100 X. 
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FIG 4—Effect of CbC, TaC, TiC solid solution on oxidation of TiC compositions. 64 hr at 
1800°F in open muffle furnace. 


compositions. Two tests were made in 
one of which the specimens were sup- 
ported on ceramic boats and in the 
other on carbon supports. The differ- 
ence in the results should be noted. 

A 210 hr oxidation test at 1800°F in 
the open muffle on a few selected com- 
positions showed substantially the same 
results as the 64 hr test as shown in 
Table 3. Fig 5 shows the character of 
coating formed on the composition con- 
taining 18.7 pet Co, 15 pct three car- 
bide solid solution and 66.3 pct TiC 
after heating for 210 hr at 1800°F in 
the open muffle. The overall coating 
thickness is approximately 0.003 in. A 
short test of 18 hr at 2200°F showed 
relative oxidation rates to be un- 
changed with the composition contain- 
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TIME 


Tic. 


ing 20 pet of the three carbide solid 
solution being highly resistant. The 
thickness increase was 0.0182 in. for 
the 80 TiC-20 Co composition and 
0.0014 in. for the equivalent composi- 
tion containing 15 pct solid solution. 

A study was made to determine 
whether any change in the rate of oxi- 
dation occurred with time with the 
results shown in Fig 6. The two com- 
positions used were the 80 pct TiC-20 
pet Co composition and the similar 
composition containing 15 pct of the. 
columbium, tantalum, titanium solid 
solution. It is observed that within the 
accuracy of the measurements both. 
compositions show straight line though 
widely varying rates of oxidation. 

The effect of the addition of the three 
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FIG 6—Variation of rate of oxidation of TiC composition with time. (1) 80 pet 
TiC—20 pct cobalt. (2) 66.3 pct TIC—15 pct solid solution of CbC, TaC and 
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Table 2... Oxidation of Various 
TiC Compositions 
18 hr at 1800°F—Muffle Test 


Increase in 


Composition Thickness 
Ingredients and Pct In. Per Face 

ONsi4 NOR Gil Ol at ane i A nein ee . 002 

DOSING A1O) Cort. coer tae 0.0025 
BOLIC! 20 Co) ool cele hes eave 0.0022 
Ome CRS OG re enreea coke. nna 0.0038 
SOSA LORIN eto eie ate oeret asl ois 0.0015 
Sa IGE SUINI dco eee cae 0.0031 
SOMIGSZOUNI oso kaon ae sels ae 0.0028 
SUL lO Es: ote ita mee ee 0.0040 
GOlIrG 35 “Pacis Ni secular 0.0003 
OR a Cred Om baACrs Lk SaING PA ters. ohereec 0.0001 
eA CRALNONS Sat LO COs. ee aera a 0.0006 
62 TiC, 20 S.S., 18 Co... 0.0003 


* S.S. refers to the solid solution of columbium, 
tantalum and titanium carbides. 


Table 3. . . Oxidation Test of TiC 
Compositions 


210 hr at 1800°F—Muffle Test 


Increase in 


Composition Thickness 
Ingredients and Pct In. Per Face 
SULEICZO Corman ata ee ete Ms 0.0359 
66S NIC. ESnss52 182. Conn... 1: 0.0009 
Cae? bad BL Oy Gal Ens He rsa! Bie) Of aren enero 0.0009 
41.8 TiC, 41.8 $.S, 16.4 Co........ 0.0019 
GG.se4 1159.05 UO INL beanie. 0.0020 


* S.S refers to the solid solution of columbium, 
tantalum and titanium carbides. 


carbide solid solution upon the room 
temperature strength was determined 
upon the same series of compositions as 
used to obtain the oxidation data of 
Fig 4. The results are shown in Fig 7. 
The consistent effect of the columbium 
and tantalum in reducing strength is 
to be noted. The strengths at room 
temperature and 1800°F of various 
other compositions are given in Table 4. 
It is to be noted that although the 
strengths of various TiC-Ni composi- 
tions are greater at room temperature 
than those of the TiC-Co compositions, 
the strength decreases more rapidly 
with temperature so that at 1800°F, 
they are somewhat weaker. The com- 
positions using iron show promise. It 
has been suggested that, since TiC 
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Table 4... . Strength and Density of Various TiC Compositions 


Transverse Rupture 5 
se psi X 1000 Density 
wis . Other Auxiliary 
Composition TiC Cahite Metal 

a ie Bee Bee Room ° Theo- l 
Temp. 1800°F retical Actua 

1 95 Cones 126 Sake 5.26 

2 90 Co 10 122 5.23 Byer) 

2 80 Co 20 160 111 5.47 §.42 

4 65 Co 35 152 5.91 5.84 

5 90 Ni 10 123 prae 5.26 

6 85 Ni 15 151 90 5200 5.40 

if 80 Ni 20 US) 91 5.47 5.45 

8 70 Ni 30 154 5.61 5.60 

9 90 Fe 10 124 Ge 5.11 

10 80 Fe 20 136 5.42 5.32 

11 60 TaG, 25 Ni 15 85 71 6. 51 6.52 

ip, 50 TaG 35 Ni 15 93 42 7.08 7.02 

13 66.3 S.S* 15 Ni 18.7 147 82 5.85 5.78 

oe ee a eS SSS eee 


* SS refers to the solid solution of columbium, tantalum and titanium carbides. 


compositions were known to have 
inferior strengths, the strengths ob- 
tained in this work were the result of 
approximately 3 pct of tungsten result- 
ing from the milling of these composi- 
tions with cemented tungsten carbide 
balls. Accordingly, a composition was 
prepared containing 80 pct TiC and 
20 pet Co wherein steel balls were used 
for the milling. Analysis showed this 
composition to contain only spectro- 
graphic traces of tungsten. The room 
temperature transverse rupture strength 
of this composition averaged 153,000 
psi as compared with 160,000 with the 
same composition milled with tungsten 
carbide balls. 

The elevated temperature strengths 
of two of the compositions, that con- 
taining 80 pct TiC and 20 pct Co and 
the equivalent containing 15 pct three 
carbide solid solution are shown in Fig 8 
for temperatures up to 2000°F. The 
slow rate of falling off of strength is to 
be noted. The lower rate of decrease 


of the composition containing the co- 
lumbium and tantalum carbide is of 
note. Table 4 also includes some high 
temperature modulus of rupture values 
for some of the other compositions. 

The theoretical and actual densities 
have been shown in Table 4 and it will 
be noted that the actual densities 
correspond very closely. 


Discussion of Results 


The most notable result is the marked 
decrease in oxidation of TiC composi- 
tions effected by the minor addition of 
TaC or of CbC and TaC in the form 
of the three carbide solid solution. This 
reduction in the amount of oxidation 
ranged up to 40 times in some in- 
stances. The effect cannot be accounted 
for on the basis of the oxidation charac- 
teristics of the additive carbides since, 
of themselves, the other carbides do 
not possess the oxidation resistance of 
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FIG 7—Effect of increasing percentages of CbC, TaC, TiC solid solution upon strength of TiC com- 
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positions, 12.3 pct Co by volume throughout. 
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TiC. The explanation which would 
appear to hold is that the ratio of the 
oxides in the oxidation product and 
their character must be such as to form 
an adherent continuous film and thus 
prevent further access to the carbide 
structure. Although no tests were con- 
ducted on the effect of CbC alone as 
an additive to TiC compositions, the 
combined effect of the columbium and 
tantalum carbides contained in the 
three carbide solid solution indicates 
that the columbium contributes con- 
siderably to the protection obtained. 

The use of various auxiliary metals 
has little effect on the oxidation rate 
and as a secondary observation the 
percentage of auxiliary metal has small 
influence on the oxidation rate. It thus 
appears that the rate of oxidation is 
largely determined by the carbide 
constituents. 

The data on modulus of rupture 
show in general that titanium carbide 
compositions may have strengths as 

_much as 75 pct higher than those 
previously reported. Although these 
strengths are considerably below the 
general level of those of the cemented 
tungsten carbide compositions, the ce- 
mented titanium carbide compositions 
are Strong materials. A better basis 
upon which to compare these materials 
with other materials, at least with 
alloys, is tensile strength and work 
upon this phase is now being carried 
out. However, based on the work of a 
number of laboratories the short time 
tensile strength of brittle materials may 
be expected to be from 0.4 to 0.6 the 
modulus of rupture value.!° This would 
make the high temperature tensile 


Table 5 . . . Additional Properties of TiC Compositions 


a ar 


Pct Pct 


66.3-TiC 
80 TiC 

80 T 15.0 S.S* 
2eaGe 18.7 Co 


Thermal Conductivity 
cal per sec per °C per cm 
Electrical Conductivity 
Per Cent of Copper Standard 


55.0 X 108 psi 57.3 X 108 psi 
90.5 89.5 


Retivet= satinisse a 5.0 X 106 4.5 XK 1076 
5 Serene 0.085 0.075 
See ayo. afoy 2 5.0 4.0 


* S.S refers to the solid solution of columbium, tantalum and titanium carbides. 


strengths of cemented titanium carbide 
comparable with the best alloys and 
ceramics. 

The marked difference in the rate of 
oxidation observed between the gas 
fired tube furnace and the muffle fur- 
nace, which was the equivalent of the 
differences found with and without 
columbium and tantalum carbides, 
emphasizes the effect of variations in 
the atmosphere upon oxidation results. 
The importance of even small varia- 
tions in atmosphere upon oxidation 
results is shown by the results in the 
muffle furnace when ceramic vs. carbon 
supports are used for the specimens. 
Such differences in the effect of furnace 
atmosphere are insignificant in the case 
of compositions which have high oxi- 
dation resistance as shown by Fig 4. 


Other Properties 


It is of interest to know other proper- 
ties of these TiC compositions, some 
of which are summarized in Table 5 for 
two of the compositions. 
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TEMPERATURE °F 


YOUNG’S MODULUS 
OF ELASTICITY 


These values were determined by the 
sonic vibration method! using ground 
bars 14 X 44 X3 in. Comparisons 
were made with cemented tungsten car- 
bide bars. These high moduli are 
indicative of the formation of a con- 
tinuous carbide skeleton as in the case 
of the tungsten carbide compositions. 


HARDNESS 


These values were determined using 
a special Rockwell A Brale which was 
calibrated upon a cemented tungsten 
block calibrated by the Wilson Me- 
chanical Instrument Co. 


THERMAL EXPANSION 


These values were determined by the 
use of a Bureau of Standards type 
dilatometer. Virtually straight line ex- 
pansion curves were obtained. While 
these values are somewhat higher than 
the general level of those for cemented 
tungsten carbide compositions, they 


FIG 8—Effect of temperature upon the strength of TiC compositions. 
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FIG 9—Structure of cemented TiC—80 pct TiC, 20 pct 
Co. X 1500, nital etch. 

FIG 10—Structure of cemented TiC—66.3 pct TiC, 

15 pct CbC, TaC, TiC solid solution, 18.7 pct Co. 


X 1500, nital etch. 


FIG 11—Composition of Fig 10 after 210 hr at 1800°F. 
X 1500, nita! etch. 


are one half or less those for ferrous 
base alloys and of the order of those for 
ceramics. The thermal expansion is an 
important consideration in the resist- 
ance of materials to thermal shock. 
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THERMAL CONDUCTIVITY 


These values were obtained by the 
method described by McKenna.!2 The 
apparatus was standardized on pure 


iron and lead. The conductivity of the 
cemented titanium carbide composi- 
tions is somewhat below that of the 
tungsten carbide compositions although 
above the level of highly alloyed ferrous 
base materials and many times higher 
than ceramics. The thermal conduc- 
tivity of a material has a large bearing 
on its ability to resist thermal shock re- 
sulting from rapid temperature changes. 


ELECTRICAL CONDUCTIVITY 


These values were obtained by the 
Kelvin Bridge method using ground 
bars 14 in. diam by 12 in. long and 
calibrating against a 0.1 ohm standard 
accurate to + 0.02 pet. 


Structure 


Fig 9 and 10 show the etched struc- 
tures of two of the compositions at 
1500 magnifications which is largely 
used for examining cemented tungsten 
carbide tool compositions. The polish- 
ing is done with diamond dust using 
lead-tin laps as in the case of tungsten 
carbide compositions but greater care 
is needed to avoid scratches because of 
the lower abrasion resistance of these 
compositions. The 2 pct nital etch has 
been found to produce preferred etch- 
ing to the conventional alkali ferri- 
cyanide etch used on tool compositions. 

The structures are comparable to 
those of the tungsten carbide composi- 
tions in that they show two phases, the 
carbide phase and the phase which is 
predominately auxiliary metal. The 
grains are much more rounded than is 
the case with tungsten carbide com- 
positions. The effect of CbC and TaC 
in causing larger grain size is to be 
noted. A specimen prepared for the 
composition of Fig 10 after 210 hr 
exposure at 1800°F is shown in Fig 11. 
There appears to be no significant 
change in structure. 

X ray diffraction examination of the 
compositions of Fig 9 and 10 with the 
Norelco Recording Spectrometer shows 
that in both cases only a single carbide 
phase is present. In the case of the 
TiC-Co composition the TiC phase has 
a lattice parameter of 4.32 A as for the 
TiC used in making the composition. 
This indicates that no more than a 
small quantity of Co could be held in 
solution in the TiC. The lattice pa- 
rameter of the composition containing 
titanium, columbium and tantalum 
carbides was found to be 4.34 A indi- 
cating a complete solid solution, as 
would be expected from the work of 
Norton and Mowry.!* The amount of 
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TiC retained in the Co phase in the 
sintered compositions has not yet been 
determined. 


Summary 


This work has shown that cemented 
titanium carbide compositions pre- 
pared by powder metallurgy methods 
have transverse rupture strengths up 
to 175,000 psi or 75 pct greater than 
previously reported in the literature. 
Either cobalt, nickel or iron may be 
used as an auxiliary metal. The two 
former appear very nearly equivalent 
in titanium carbide compositions. Iron 
is somewhat inferior. 

Compositions containing only ti- 
tanium carbide and an auxiliary metal 
are considerably superior to the tung- 
sten carbide compositions with respect 
to the character of the oxidation prod- 
ucts. It has also been. found that the 


addition of minor percentages of tanta- - 


‘lum carbide or of columbium and 


tantalum carbide reduces the oxidation 
rate of the titanium carbide composi- 
tions to very small values at temper- 
atures up to 2200°F. 

The general properties of cemented 
titanium carbide compositions are com- 
parable with those of the cemented 
tungsten carbide compositions. When 
the strength, oxidation resistance, 
thermal expansion and conductivity 
are considered, these compositions 
offer excellent possibilities as high 
temperature materials. 
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Binary Chart for Interconversions of Mol, Weight, and Volume Percent 


JOHN B. SEABROOK,* Student Associate AIME 


The accompanying Fig 1 is a graphi- 
cal scheme of intermediate accuracy 
for expediting interconversions of mol, 
weight, and volume percents. This 
chart consists of a family of curves of 
mol or atomic or volume percent 
plotted against weight percent, each 
curve in the family providing for a 
certain ratio of molecular or atomic 
weights or densities. Thus, the whole 
range of variations is presented in a 
very familiar format, and the con- 
version is effected simply by choosing 
the proper curve and reading off the 
required values. An entire series of con- 
versions for a given binary system can 
be found by following the sobeonnals 
curve. 

It is interesting to examine the ana- 
lytical geometry of the plots. The 
curves, which must fit into a square 
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and all join at the 0 and 100 pct points, 
may be shown to be hyperbolas with 
their centers on the extension of the 
diagonal of the square which they inter- 
sect. Multiplying out the expression 


2 

: : A 
atomic fraction of A = y = = mea 
Og 


where x is the weight fraction of A, 
and A and B are atomic weights, we 
get 


And 
wtepy Rye 


Upon rotating and translating axes and 


Technical Note 30 E. Manuscript 
received April 28, 1949. 


* Metallurgical Engineer, General 
Electric Co., West Lynn, Mass. 


avoiding imaginaries, it is found that 
the angle of rotation is —45°, the origin 


A 

2, B 
moves up v2 units and —— ae Weare 
: al 

B 


units to the right, and the standard 
form is 


xv? — y? 
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Thus the curves are equilateral hy- 
perbolas, their centers are 
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units away from their intersection with 
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FIG 1—Chart for interconversion of mol, weight, and volume percent. 


the diagonal and are on that diagonal, 
and the curves are symmetrical with 
respect to that diagonal. As the ratio 
of A:B increases, both the center of 
the curve and the intersection of the 
curve with the diagonal approach the 
lower right hand corner of the square 
plot from opposite sides. 

In the actual chart only one triangu- 
lar quarter of the entire square is 
shown. Elimination of half of the 
square is accomplished by setting up 
the rule that the larger ratio always be 
taken, in other words, by making A 
the component with the larger atomic 
or molecular weight. Then, since the 
curves are symmetrical, only half of 
the remaining plot need be drawn, and 
the diagram may be turned as required. 


The scales are labeled so as to prevent 


error. 

A few examples of the use of the 
chart may be useful. As may be seen 
on the chart, the atomic or molecular 
weight ratio, or density ratio is called r. 
Suppose it is desired to convert 20 wt 
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pet of Ag in the Ag-Cu system to 
atomic percent Ag. Choosing the larger 
ratio, r = eee = 1.70. This may be 
obtained from a slide rule or a prepared 
table of atomic weight ratios. Selecting 
the curve for a ratio of 1.7, the at. pct 
of 12.8 pct Ag is readily obtained. Asa 
second example, suppose the wt pct of 
Ag were 70 pct in the same system. 
This combination requires the inter- 
changed scales, and therefore the chart 
must be turned 90° clockwise. Atomic 
percent of A is again found by the 
single reading of the graph, using the 
same r = 1.7 curve. A final example is 
provided by the problem of deter- 
mining what weight of Fe will be con- 
tained in a given weight of Fe,C. This 
is an atomic percent to weight percent 
conversion. Fe being the heavier com- 
ponent, the atomic percent to be con- 


sidered is obviously 75 pct, and r = 


55.9 
12.0 = 4:65. Using the chart in the 


sideways position, the value of 93.3 wt 


pet of Fe is obtained, estimating the 
last digit. Thus, every 6.7 g of C in 
the carbide are combined with 93.3 g 
of Fe. 

It is at once recognized that the 
chart becomes quite inaccurate for the 
low and high percents and also for the 
high ratios. This can be overcome, if 
the need so warrants, by making en- 
larged plots of limited areas of the 
original whole plot. Another variation 
in accuracy occurs in that simple 
interpolation between curves becomes 
inaccurate as the ratio becomes large. 

To summarize the conditions for 
which the chart is set up: (1) the 
percents indicated on the scales of the 
chart refer to the component which has 
the larger atomic or molecular weight 
or density, (2) the ratio, r, which selects 
the appropriate curve, is the larger 
ratio of weights or densities, (3) when- 
ever a combination of percent and r 
falls outside the triangular area covered 
by the curves, the chart must be 
turned 90°. 
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Intergranular Parting of Brass 
during Anneals 
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F. H. WILSON,* and E. W. PALMER,* Members AIME 


Brass mills are familiar with a recur- 
ring problem which reveals itself during 
deformation of annealed metal as an 
opening up of cracks which are sugges- 
tive of a grain boundary pattern. A 
typical example is seen in Fig 1, which 
shows part of the convex surface of 
a cartridge brass disc which was slightly 
dished by the punching operation. 
Another illustration of the same type of 
defect was found in the surface of a 
finished cartridge case which split open 
on firmg. These cracks, shown in Fig 
2, were away from the split but indicate 
the presence of the type of weakness 
which permitted the splitting. Usually 
the weakness consists of separate 
cracks, the lengths of which are of the 
same order of magnitude as the grain 
size prior to the final anneal. Their 
typical appearance in a polished section 
is shown in Fig 3. This structure was 
found below the surface of a fractured 
tensile-specimen that had been cut 
from a large cartridge blank showing 
the defects on its convex surface. 

While the pattern formed by these 
cracks suggests-a grain boundary ori- 
gin, the cracks bear no relation to the 
currently existing grain structure. Thus 
Fig 3 shows that the grains have grown 
up to cracks already present. Since it 
is doubtful that the cracks were present 
in the metal before the anneal, they 
must have formed during the anneal 
but prior to recrystallization. The term 
““fire-cracking’’ has been generally ap- 
plied to cracking that occurs during an 
anneal under the influence of internal 
stress, but refers more specifically to 
obvious macroscopic cracking attribut- 
able to the presence of a low melting 
phase, usually lead. Since the type of 
cracking described above may occur 
when the lead content is very low, we 
have considered it a somewhat different 

phenomenon, and have called it “inter- 
granular parting.’’ While most examples 
involve cartridge brass, intergranular 
parting has also been observed in the 
fabrication of large seamless tubes 
from discs of both 85/15 red brass and 
70/30 cupro-nickel. Similar cracking in 
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nickel silver was investigated by Jones 
and Whitehead,! who showed that it 
could occur during heating or cooling. 
That which occurred on heating they 
called “fire cracking,” and they sug- 
gested that, a transformation at about 
320°C might account for its occurrence. 

It was felt in this laboratory that the 
observed parting was probably one as- 
pect of the general observation, first 
made by Rosenhain and Archbutt,? 
that a tendency toward intergranular 
fracture under tensile stress increases 
with increasing temperature and de- 
creasing rate of strain. In this case the 
stress involved would be internal. The 
rate of strain would be exceedingly 
slow, a localized internal creep. Refer- 
ence to the literature uncovered no 
efforts to extend the observations of 
Rosenhain to conditions involving only 
internal stress. 

Accordingly, an exploratory research, 
sufficient in detail to satisfy us as to the 
probable truth of this explanation of 
the observed intergranular parting, was 
undertaken. The internal stresses pres- 
ent during the early stages of an anneal 
(prior to recrystallization) would be 
from two sources: residual stresses 
developed during deformation, and 
thermal stresses caused by uneven heat- 
ing and expansion. Thermal stresses 
would vary widely according to shape, 
size and manner of heating, and can be 
considered as supplementary to resi- 
dual stresses. It seemed necessary to 
determine the stress and temperature 
conditions under which parting would 
occur in a relatively short time, and 
then to establish whether or not in- 
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ternal stresses may persist to an extent 
adequate to cause parting at such tem- 
peratures. (Jones and Whitehead! and 
Moore and Beckinsale? made _ tests 
which indicated that stress relief re- 
quired an appreciable time.) During 
the course of the research the desira- 
bility of studying the effect of grain 
size became apparent, and this factor 
is one of the major variables of our 
investigation. 


Intergranular Parting 
under Tension at Elevated 
Temperatures 


In early experiments, hard 70/30 
brass tensile specimens, with unknown 
residual stresses, held for 10 min. at 
applied stresses from 30,000 to 40,000 
psi at temperatures from 300 to 350°C, 
showed no macroscopically visible 
cracks when unloaded and cooled, but 
cracks very similar in appearance to 
those observed in commercial practice 
were revealed in these specimens by 
pulling them to fracture. Annealed 
specimens, on the other hand, showed 
no cracks in such experiments, appar- 
ently because they deformed plastically 
at stresses below those necessary to 
cause parting in a reasonable time. 
Hence, the specimens used for this 
study were first strengthened by cold 
tensile elongation, giving them an un- 
avoidable residual stress pattern (de- 
termined largely by grain size and 
orientation) which would, however, 
correspond in direction, at least, to the 
stress pattern obtained under stress at 
temperature. A variation in these resi- 
dual stresses might be expected with 
variations in grain size, but following 
any given anneal the reproducibility of 
stress pattern should be as good as that 
of the grain size measurement. 

With no information as to the effect 
of the amount of prior deformation, 
tests were conducted on specimens 
given the same cold elongation, using 
a stress applied at temperature which 
was a constant proportion of the stress 
required to produce this elongation. In 
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cae 2 
FIG 


1—The convex surface of 


70/30 brass cartridge disc 


ae 


~ (6.29 in. diam X 0.525 in.). 
Slightly dished during punching. X 10 


FIG 3—Cracks in a broken tensile specimen cut from a 
70/30 brass cartridge disc (16146 in. diam X 1}{¢ in.) 


which showed surface cracks as punched. 
xX 75 


this way the stress applied at tempera- 
ture was approximately related to the 
yield strength of the material tested. 
As a result, large grained specimens 
were held under lower stresses at tem- 
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perature than the fine grained ones. 
Later tests determined the relative 
behavior of specimens having different 
grain sizes which were given the same 
stress at the same temperature. 


FIG 2—Cracks near head of 70/30 
which split on firing. 


OO POR Ps 
brass 0.270 cal. cartridge 


xX 30 


Tests at Elevated Tempera- 
tures under Sustained 
Loads 


Tensile specimens were machined to 
a 3g in. diam over a 2 in. ga length 
from %,% in. diam 70/30 brass rod, 
which had been given a final reduction 
of about 30 pct. The ready-to-finish 
grain size was 0.065 mm. Analysis 
showed the following composition: 


Pet 
Gopper .S ee a eons 69.64 
FANGS soi eG ake ss ayeusees ates 30.33 by difference 
Beaders. os bok cee eae ees 0.02 
DEON 3 Rees Sacn se saeer ee 0.01 


Specimens were annealed for 1 hr at 
400, 500, 600, 700 and 800°C and de- 
veloped grain sizes of 0.020, 0.035, 0.1, 
0.2 and 1 mm respectively. For each 
test, a specimen was stretched 25 pct, 
noting the maximum load and final 
diameter. It was then set in the tensile 
machine and brought to within +3° 
of the desired temperature by means of 
an electric furnace. After soaking 15-20 
min. it was loaded quickly to 80 pct of 
its prior maximum load. This load was 
automatically maintained for 10 min., 
save in a few cases where a maximum 
crosshead travel of 0.01 ipm failed to 
compensate for creep. The extent of 
damage by cracking was revealed by 
subsequently pulling the specimen to 
fracture at room temperature, the 
maximum load and the diameter 
at fracture being observed. Tensile 
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Table 1... Intergranular Parting 
of 70/30 Brass Under Stress at 


Elevated Temperatures 
Specimens Stretched 25 Pct before Stressing 
ened <0 bct before Stressing 


Room Tem- 


T Stress at perature Test 
empe Ss 
POEAPUre to Fracture 
Re- 
; duc- 
‘Tern Tensile | tion 
pera- Pre. Strength| of 
ture stress | Stress | Pct of Area 
during psi psi Pre- Pet 
Stres- | * 107-3 stress 
sing 
Based on Area 
after Pre- 
Stressing 


400° Anneal—0.020 mm grain diam 


2¢ 
2295 56.7 | 45,300} 80 63,300 | 71.2 
250 55.7 | 44,500] 80 62,900 | 64.6 
2s 56.7 | 45,400] 80 63,500 54.8 
300 56.5 | 45,400} 80 62,300 | 54.0 
325 56.3 | 31,500] 56 61,200 | 53.6 
450° Anneal 
323 53.6 | 31,000) 58 55,600 | 39.6 
500° Anneal—0.035 mm grain diam 

225 52.3 | 41,800} 80 60,600 | 68.8 
250 49.3 | 40,200} 80 58,400 | 61.8 
275 ,: 50.06 | 39,900] 80 56,900 | 47.2 
28713 52.1 | 40,400} 77.5 | 54,800 | 28.2 
300 50.3 | 34,500) 68.5 | 54,600 | 38.3 
323% 50.7 | 31,400] 62 52,400 | 32.2 

600° Anneal—0.1 mm grain diam 
225 44.9 | 36,000} 80 55,800 | 70.6 
250 —+ 42.0 | 33,500] 80 53,200 | 64.8 
275 41.9 | 33,400} 78.5 | 49,300 | 35.8 
286* 44.8 | 35,850) 80 5.4 
300* 44.8 | 35,800] 80 2.0 

700° Anneal—0.2 mm grain diam 
225 38.8 | 31,100) 80 51,100} 61.6 
250 36.9 | 29,500} 80 50,600 | 69.4 
275 37.5 | 29,900] 80 48,800 | 49.8 
200 38.8 | 31,100} 80 47,100 | 36.3 
28014 38.9 | 31,100} 80 46,700 | 40.5 
300* 40.9 | 32,600} 80 ‘ 5.7 

800° Anneal—1 mm grain diam 
225 36.8 | 29,500} 80 50,100 56.3 
250 39.7 | 24,500} 80 45,300 | 63.1 
275 32.0 | 25,500} 80 43,100 } 42.9 
279* 37.2 | 29,700} 80 8.3 
300* 36.8 | 29,400] 80 5.4 


* Broke at temperature in furnace. 


strength and reduction of area values, 
based on the diameter of the specimen 
just before the final tests, were recorded. 

With this procedure, tests were made 
on specimens representing all the grain 
sizes listed above at temperatures of 
225, 250, 275 and 300°C. In addition, 
tests were made at 325°C for speci- 
mens annealed at 400, 450 and 500°C, 
and a few other tests were made at 
intermediate temperatures. 

The results of these tests, as recorded 
in Table 1, are grouped according to 
the temperature of anneal, and within 
each group are in the order of increas- 
ing temperature of stressing. The value 
in the “‘pre-stress” column (the maxi- 
mum true-stress reached with cold 
elongation) is an indication of the 
strength of the specimen under load. 
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900 


(225 


275 


TEMPERATURE OF STRESSING - DEGREES CENTIGRADE 


0.055 MM. 


GRAIN SIZE ANNEAL - DEGREES CENTIGRADE 


700 


0.1 MM. 0.2 MM 


1M 


DIAMETER OF AVERAGE GRAIN 


FIG 4—The varietion of intergranular parting with grain size and temperature. 
Longitudinal sections showing cracks opened up by room temperature fracturing of 70/30 brass 
tensile specimens annealed 1 hr at the indicated temperatures, stretched 25 pct, and stressed at 80 pct 
of the prior maximum stress for 10 min. at the indicated temperatures. X 234. 


It will be noted that for anneals of 
500°C, and below, it was not possible 
to reach 80 pct of the pre-stress at some 
of the temperatures. In such cases, the 
specimen stretched continuously at the 
maximum permitted loading rate of 
0.01 ipm for the full 10 min. under 
load. As indicated, several specimens 
broke in the furnace before the 10 min. 
had elapsed. In these cases the fracture 
was completely intergranular and there 
was no evidence of local necking before 
fracture. 

Damage from cracking is indicated 
by a lowering of tensile strength and of 
ductility as measured by reduction of 
area. Inspection of the data shows that 
for any one grain size the amount of 
damage increases with the temperature 
of stressing. There is an apparent down- 
ward trend of tensile strength and duc- 
tility with increasing grain size, and the 
reality of this effect will be shown in 
tests at constant stress which will be 
discussed later. Photographs of polished 
longitudinal sections through the frac- 
tures of most of the specimens (Fig 4) 


demonstrate a correlation between duc- 
tility and cracking. Cracks, present 
even in the fine grained specimen tested 
at 225°C, increase in number with the 
temperature of test and with the grain 
size up to the 600°C anneal. The greater 
magnitude of each crack in the larger 
grained specimens overcompensates for 
the decreased number of cracks, and 
represents greater damage as measured 
by reduction of area. 

Cracks on the surface near the frac- 
ture of specimens annealed at 600, 700 
and 800°C are illustrated in Fig 5. 
These bear a strong resemblance to 
those found when intergranular parting 
is encountered in commercial fabrica- 
tion, as illustrated in Fig 1 and 2. 

The data from this series of tests are 
also presented graphically in Fig 6. 
Three variables are plotted. (A fourth, 
stress at temperature, is not included, 
but can be found by reference to 
Table 1.) The vertical axis indicates the 
reduction of area, the variation of 
which with the temperatures of anneal 
(grain size) and the temperatures of 
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FIG 5—Intergranular parting revealed by room temperature fracturing. 


Tensile specimens annealed 1 hr-at indicated temperature, elongated 25 pet, and loaded for 10 min. 


at indicated stresses and temperatures. xX 10. 


Anneal, °C see! Temperature, °C 
(a) 600 33,400 275 
(b) 700 31,100 280 
(c) 800 25,500 275 


stressing constitutes a surface. Contour 
_lines of constant temperature of stress- 
ing and constant grain size are drawn to 
indicate this surface. Points on the sur- 
face indicate single tests. The reduction 


of area figures for specimens which 
broke in the furnace are included and 
are responsible for a sharp break in the 
slope of the surface. In the region of 
low grain size and high temperature of 


Table 2... Effect of Magnitude of Pre-stressing on Intergranular Parting 


Stress Bp coperatore, Most to. EiActare 
Grain Size Pre-stress Pre-stretch 
Anneal psi X 1073 Pct 5 : 
: § Pct of Tensile Reduction 

psi X 107% Piecctiess Strength of Area, 
psi X 107% Pet 
36.3 22.0 18.2 50 50.4 iilewae 
21.4 10.0 18.2 85 45.6 72.1 
700°C Bond 20.5 21.4 60 50.8 67.8 
25 2 11.0 21.4 85.5 47.0 60.6 
at Sag 20.0 25.0 70 48.7 47.0 
29.1 1Gic5 25.0 86 47.1 48.8 
83.6 29.0 19.3 50 49.1 57.5 
22.2 12.5 18.8 85 43.4 57.2 
800°C 44.3 Sono prea 50 50.8 53.3 
26.0 16.5 QOAT 85 43.1 49.6 
50.1 40.0 25.0 50 53,2 41.9 
29.6 20.0 55) 85 38.9 39.1 
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stressing, dotted contour lines are 
drawn through points representing 
tests in which 80 pct of the prior load 
could not be attained. 

A few tests were made which com- 
pared pairs of specimens given the same 
stress at temperature following differ- 
ent prior deformations. These were 
made only on specimens annealed 
at 700 and 800°C; specimens were 
stressed at about 18,500, 21,500 and 
25,000 psi for 10 min. at 275°C. The 
results of these tests are listed in Table 
2. Referring to the reduction of area 
figures, it will be seen that the damage 
is almost independent of the amount of 
prior deformation.* The results con- 
firm the expectation that the parting 
increases with stress. Moreover, com- 
parison can be made between specimens 
of differing grain size which are given 
the same stress at the same tempera- 
ture, and it is seen that loss of ductility 
from parting does increase with increas- 
ing grain size. For each pair, differing 
only in the amount of prior reduction, 
the tensile strengths are less consistent 
measures of damage than the reduction 
of area values. In each case a higher 
tensile strength is indicated for the 
higher prior deformation and, since the 
strength value is based on the area 
after deformation, this is due to work 
hardening in uncracked portions of the 
specimen. All of these specimens 
showed visual evidence of parting 
except the 700°C annealed specimen 
stressed at 18,200 psi. 


Discussion of Results 


Since these test results involve only 
single specimens under each condition, 
there is no claim that any absolute 
values can be read from the table; nor 
does it seem necessary to try to estab- 
lish absolute values, since in the prac- 
tical application of this information 
actual stress, temperature, and grain 
size values are rarely known. The im- 
portant points are the approximate 
determination of the conditions which 
will cause intergranular parting and the 
directions of the effects of the variable 
factors studied. 

It is shown that 70/30 brass will part 
in less than 10 min., at grain boundar- 
ies, at temperatures below those which 
cause recrystallization in a reasonably 
short time, under the influence of 


_ * That this is not universally true was learned 
in a few comparable tests on silicon bronze. 
Specimens of equivalent grain size, given identical 
true-stresses at the same temperature, were pro- 
foundly affected by the amount of prior deforma- 
tion, or the concomitant variable, specimen 
diameter. The greater parting occurred on speci- 
mens where the true stresses were a higher per- 
centage of the previously applied true stress. 
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stresses of approximately the same 
order as those which may be found 
internally. The extent of parting will 
increase with both increasing tempera- 
ture and stress. The loss of ductility 
resulting from the parting increases 
with increasing grain size even when 
the number of cracks per unit volume 
decreases. At least for 70/30 brass, 
susceptibility to parting is independent 
of prior cold work, provided the metal 
has been strengthened sufficiently to 
support the required level of stress. 
The type of test performed here 
differs from tensile tests at low rates of 
strain at elevated temperatures in that, 
by holding the load constant at a stress 
below the yield strength, the strain rate 
is exceedingly low. The test differs from 
stress-rupture and creep tests in the 
time allowed for stress application at 
temperature. However, as in these 
other types of test, failure occurs by 
parting at the grain boundaries and it 
is believed that the present data add to 
an accumulation of results?.4~!2 which 
indicate that the only conditions 
necessary to cause parting at grain 
boundaries under stress are a_ suffi- 
ciently high temperature and a suffi- 
ciently low rate of strain. Theoretical 
interpretation of this behavior is ably 
discussed by Zener! in terms of the 
viscous behavior of grain boundaries. 


Experimental Study of 
Some Factors Influencing 
Relief of Stresses by 
Annealing 


Having demonstrated that inter- 
granular parting can occur under the 
influence of externally applied stress at 
elevated temperatures, there remained 
an investigation of the probability that 
adequate stresses, thermal and resi- 
dual, can be present internally when 
metal is heating up in commercial 
anneals. The many unpredictable fac- 
_-tors involved in the development of 
thermal stresses makes an investigation 
of these quite difficult. However, relax- 
ation tests on bent strips, while limited 
for quantitative studies by the fact that 
stress formulas assume a linear stress 
distribution, can give at least a quali- 
tative estimate of the rate of relief of 
internal residual stress and can deter- 
mine the factors which influence it. 


STRESS RELIEF TESTS 


Relaxation tests, involving measure- 
ments of residual curvature of initially 


DECEMBER 1949 


\ 
\ 
} 


| 
y 

Sd Sepa 
N 


) 


REDUCTION OF AREA- PER CENT 
ee. et BE ’ 


225,400 


ANNEALING TEMPERATURE 
500 600 


FIG 6—The effect of grain size and temperature of stressing 


on ductility. 


Same specimens as in Fig 4. Reduction of area values based on 
dimensions after stressing. Temperature in °C. 


flat specimens annealed while con- 
strained against a cylindrical block, 
were made at four different stresses (by 
varying the strip thickness), for five 
different grain sizes, and at three 
temperatures in the relief annealing 
range. The specimens were cut from 
four strips of 70/30 brass fabricated 
from hot rolled stock having the fol- 
lowing composition: 


Pct 
Copper aes create 
ZING? orci sees haarmyo ees 50, 16 by difference 
Weal: Sa se sees seve Ceyiciaere 
Tron si titiandicatiedia tee « ol 


Table 3 outlines the course of fabri- 
cation for the four gauges. The 
ready-to-finish anneals resulted in the 
following grain sizes, substantially the 
same for all four gauges: 


400°C—0.012 mm 600°C—0.115 mm 
500°C—0.038 mm 700°C—0.325 mm 
800°C—0.450 mm 


It will be noted that the strip was in 
all cases finished with a 25 pct reduc- 
tion, since, as in the case of the tensile 
specimens stressed at elevated tem- 
peratures, a hard material was neces- 
sary to permit development of stresses 
of the desired magnitude. Half inch 
wide specimens 6 in. long were cut from 
the finished strip, straightened some- 
what by stretching, and milled to 0.45 
in. width. 

A few additional tests were made 
at one temperature on even thinner 
material, in two grain sizes, which was 
prepared by taking some of the 0.049 


in. material rolled 25 pct and processing 
as follows: 


Anneal 1 hr at 650°C 


5E, 6E, 7E, 8E|5A, 6A, 7A, 8A 


Cold roll to...... 0.022 in. 0.022 in. 
Anneal 1 hr at.... 400°C 800°C 
Cold roll 15 pct to 0.0185 in 0.0185 in. 


Samples 5A-8A had uniform grain 
sizes of about 0.375 mm while samples 
5E-8E had an uneven grain size 
averaging 0.020 mm. Note that this 
material was finished with a reduction 
of only 15 pct, rather than the 25 pct 
used for the more extensive series 
above. 

The stress measurements were based 
on calculations of outer fiber stresses in 
bent strips, assuming a linear distribu- 
tion of stress. The amount of bend was 
determined from the height of the seg- 
ment intercepted by a 5 in. chord. The 
stress required to change the curva- 
ture from that determined by a seg- 
ment height d, to that determined by 
dy is 

S, — S, = Et/6.25 (d. — ds) 


where E = 16,400,000 psi and ¢ is the 
thickness. With d, the height after 
holding a specimen against a 20 in. 
radius surface for 5 min. at room tem- 
perature, d, the height after a subse- 
quent 60 min. anneal of the bent speci- 
men, and d, the segment height for a 
20 in. radius of curvature, 


Table 3. . . Preparation of Strips for Stress Relief Tests 
a EEE 
Winall (Gatige sos civ soa iether stars okra oer 0.037 in. 0.049 in. 0.0615 in. 0.0735 in. 

Hot rolled stock milled to 0.500 in. 
Be ee 2 hr “4 pene ie 
feck Auche Proc OOO 0.200 in. 0.260 i 
Cold rolled to......... i ered ae 1 ne eae ee 
nitrate ce oles asym, ls 0.100 in. 0.130 i n. ¥ in. 
Cold rolled to............ Ree es . ee x 850°C pick la Be 
Petia stuepeaaet tye sts 0. 049 i in. 0.065 i in. 
CP ey sii 1 piece of each annealed ay 400. rae 600, ee bai 
bio Oto DrOraS Creo 0,037 in. 0.049 in. in. in. 
Cron rot TO eee (25 Pct Reduction on Finished Strip) 


Meee eee eee erat TSE EESsGSSeen En ESInS ana IMNSIGTnENS NEG ENE 
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FIG 7—The effect of grain size and temperature on stress 


relief. 
Residual stresses in bent 70/30 brass strips after 1 hr at indicated 
temperatures when initially stressed to about: A. 26,000 psi B. 
22,000 psi C. 19,000 psi D. 15,000 psi EZ. 7,000 psi 


S, — S; is the applied stress before 
relief annealing. 

S. — S,is the stress relieved by the 
anneal 

S, — S»is the residual stress which re- 
turns the specimen to its final 
position after the anneal. 


The assumption of linearity of stress 
distribution is known to be inaccurate 
in two ways: 1. Any plastic flow oc- 
curring during the 5 min. bending at 
room temperature leaves a residual 
stress which decreases the applied 
stress below that calculated by an 
undetermined amount. 2. The stress 
relief, occurring disproportionately in 
the outer fibers, destroys any linearity 
of stress distribution and calculations 
based on the final curvature give an 
outer fiber stress higher than that 


actually present. 

Nevertheless, since the actual stresses 
must be related to the measured ones, 
the technique is useful for determining 
the relative effect of variable factors 
affecting stress relief, such as tempera- 
ture, time, grain size and the magnitude 
of applied stress. 

The.20 in. radius bend was obtained 
by the use of a steel block with a sur- 
face having this curvature against 
which the specimens were free to slide 
in expanding. Due to the fact that the 
heavier gauges took on a permanent 
set at room temperature the calculated 
applied stresses were 15,000, 19,000, 
22,000 and 26,000 psi rather than the 
intended (assuming flat specimens) 
15,000, 20,000 25,000 and 30,000 psi. 
In the anneals, 60 min. was allowed 
for the assembly to reach temperature. 


Table 4... Stress Relief in 70/30 Brass 


Applied Stress 


Stress Relieved Thermally 


Residual Stress 


Se — Si 


hg oh 3 5, X 100 So — So 

4 == . iS 

psi X 10 nomdedt psi X 1073 

200°C | 250°C | 300°C | 200°C | 250°C | 300°C | 200°C | 250°C | 300°C 

0.450] 26.3] 25.6*| 26.7 8.4 | 13.0*| 17.3 | 31.9 | 50.8*| 64.8 | 18.0 | 12.5*| 9.5 
0.325} 26.4) 28.4 | 25.8 OES oialonon|| 18.2.) 3552 154.6 |-70.5 |) 17.1 | 12-9 7.6 

0.0735 |0.115) 26.8) 24.3 | 26.2 | 10.3 |-13.7 | 18.5 | 38.4 | 56.4 | 70.6 | 16.5 | 10.7 7.6 
0.038) 25.7) 27.4 | 23.9 | 11.9 | 17.5 | 18.7 | 46.3 | 63.9 | 78.2 |-13.8 9.9 5.2 
0.012] 27.5} 26.4*| 26.8 | 14.4 | 18.3%) 22.4 | 52.4 | 69.3%] 83.6! 13.0] 8.0%] 4.3 
0.450} 24.9) 23.6 | 21.6 | 7.6} 12.2 | 14.8 | 30.5 | 51.7 | 68.5 |-17.3 | 11.3 6.9 
0.325} 24.6] 21.6 | 21.6 8.6 | 12.3 | 15.3 | 35.0 | 56.9 | 70.8 | 16.0 x3 6.3 

0.0615 |0.115] 23.1) 23.2 | 21.3 8.9 | 14.1 | 15.2 | 38.5 | 60.8 | 71.4 ] 14.1 9:1 6.1 
0.038) 22.1) 21.6 | 20.3 | 10.0 | 13.6 | 15.5 | 45.2 | 63.0] 76.4 | 12.1 8.0 4.9 
0:.012)) 22.2) 22.9 | -20.2->)| 11.4) 16.2 | 16.9 | 51.4:| 70:7 | 83.7 | 10.8 GAL 3.3 
0.450} 19.8) 19.5 | 18.7 5. o 9.7 | 12.5 | 28.8 | 49.7 | 66.8 | 14.2 9.8 6.2 
0.325] 19.2) 18.7 | 17.6 6.1 | 10.9 | 13.1 | 31.8 | 58.3 | 74.4 | 13.0 7.8 4.5 

0.0495 0.115] 20.1) 20.0 |} 19.1 7.4) 12.1] 14.5 | 36.8 | 60.5 | 75.9 | 12.7 8.0 4.6 
0.038} 19.2) 18.6 | 18.8 Sy Or dled | a8 40 765.1. | 78.7 Wed bee 6.5 4.1 
0.012} 18.5) 17.4 | 17.7 903 12.25) 14-9 | 50.3 1-70.41 |=84.2 9.2 5.3 2.8 
0.450} 14.7) 15.0 | 14.7 4.3 7.5 9.6 | 29.2 | 50.0 | 65.3 |-10.4 aS) 5.0 
0.325] 14.9) 14.2 | 14.6 4.9 7.9 | 10.3 | 32.9 | 55.6 | 70.5 | 10.0 6.3 4.3 

0.0375 |0.115] 15.3) 14.6 | 14.5 ace. 3.3 | 10.4 (37.2 | 56-8 | 71.7 9.6 6.2 4.1 
0.038) 14.9) 15.2 | 15.3 7.0 9.6 | 11.6 | 47.0 | 63.2 | 75.8 8.0 5.7 Se. 
0.012) 15.4) 14.7 | 14.8 7.5 | 10.4 | 12.2 | 48.7 | 70.7 | 82.4 7.9 4.3 2.5 
0.375 7.4 3.9 O20 3.5 

0.0185 |0. 6.7 4.3 64.2 2.4 


* Tests used for comparison with tests on specimens having smaller gauge. See p. 1001. 
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EFFECT OF TEMPERATURE, GRAIN 
SIZE AND THE MAGNITUDE OF 
APPLIED STRESS ON STRESS 
RELIEF 


Specimens for each grain size in the 
four heavier gauges were relief an-. 
nealed for 1 hr at 200, 250 and 300°C. 
The 0.0185 in. strips were relief an- 
nealed only at 250°C. Data as deter- 
mined from measurements before and 
after the anneal are given in Table 4 
and plotted in Fig 7 and 8. The per 
cent stress relieved thermally based 
on the applied stress is also included. 
These data illustrate the expected 
lower residual stresses resulting from 
higher relief annealing temperatures. 
It is clear from the consistency of be- 
havior for all gauges and temperatures 
that specimens with finer grain sizes 
have less residual stress than those with 
coarse grains. Moreover, the amount of 
residual stress increases with applied 
stress, the curves in Fig 8 demonstrat- 
ing about .the same level of per cent 
stress relief at any one temperature, 
regardless of the magnitude of the ap- 
plied stress. 

With reference to the 0.0185 in. 
specimens stressed to only 7,000 psi 
(Table 4 and Fig 7), it will be seen 
that, at least at 250°C, if there is any 
minimum stress below which there is 
no relief annealing it must be very 
low. It is interesting to note that even 
at low stresses the per cent stress relief 
is not affected by applied stress. The 
fine grained (0.020 mm) thin specimen 
shows a per cent stress relief between 
the averages for 0.012 mm (400°C) and 
0.038 mm (500°C) thicker specimens, 
and the coarse grained (0.375 mm) thin 
specimen a value between those for 
0.325 mm (700°C) and 0.450 mm 
(800°C) thicker specimens. 

Even under conditions of least stress 
relief (that is, with large grained speci- 
mens), the magnitudes of residual 
stresses at temperature, after 1 hour of 
relief annealing, are well below those 
required for intergranular parting at 
any of the temperatures employed. 
Since it seemed probable that the 
stresses remaining after shorter times 
at temperature would be higher, the 
change of residual stress with time was 
tested for one applied stress on both 
fine and coarse grained specimens. 


EFFECT OF TIME ON STRESS 
RELIEF 


For studying the effect of time on 
relief annealing, the steel block was un- 
satisfactory since it required an hour 
to reach temperature. A thin walled 
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bude, 1.4 ID. OG X V.VU0OO In. wall, 
which required only 6 min. to reach 
temperature, was employed. The smal- 
ler radius called for thinner specimens 
for equivalent stresses, and the 0.0185 
in. thick material designated by 5A—8A 
and 5E-8E was sheared to size for these 
tests. Strip having this gauge should 
develop outer fiber stresses of 30,000 
psi when bent to the 5.05 in. radius of 
the tube support. However, as a result 
of initial curvature and permanent set 
at room temperature, the applied 
stresses were of the order of magnitude 
of 25,000-29,000 psi. 

One specimen for each grain size was 
held to the tube with wire. Again d, 
after 5 min. at room temperature, and 
d, after the anneal, were measured. 
Allowing 6 min. to reach temperature, 
the specimens were annealed for 0, 3 
and 6 min. at 200, 250 and 300°C. An 
additional test was made for 60 min. at 
250°C. 

Data corresponding to those assem- 
bled for specimens bent to the 20 in. 
radius are recorded for these specimens 
in Table 5. The effects of grain size and 
temperature of relief annealing are 
again evident. 

The effect of time is presented 
graphically in Fig 9. Since tests for 60 
min. were made only at 250°C, the 
data for the points at 60 min. for the 
200 and 300°C curves are taken from 
Table 4 and are indicated by filled 
circles. These results were obtained 
with thicker and harder specimens 
bent to a larger radius of curvature, 
and justification for their inclusion can 
be made by comparing the stress relief 
in thick and thin specimens under 
equivalent stresses at 250°C for 60 min. 
For instance, data for specimens 6A60 

_and 6E60 may be compared with the 
two starred specimens in Table 4. By 
bending to different radii, these 4 speci- 
mens were given about the same ap- 
plied stress and all were relief annealed 

- for 1 hr at 250°C. 


Table 5. . . Effect of Time on Stress Relief 


(70/30 Brass—0.0185 in. gauge—5 in radius 


l T 
| Stress Relieved Thermally 
; Grai Applied Relief Time at Residual 
Speci- a tress Annealing Tempera- | ee 
men arin | So — S: | Temperature | ture | Se — Si S2 — Si So — S2 
| psi | <6 min. psi Sone=anse x 100 psi 
| | Pet 
TAO 0.375 26,000 200 0 | 5,300 20.4 20,700 
7A3 0.375 26,800 200 3 6,600 24.6 20,200 
TAS 0.375 26,900 200 6 6,700 24.9 20,200 
7TEO 0.020 28,400 200 0 8,600 30.3 19,800 
TE3 0.020 28,400 200 5: 9,900 34.9 18,500 
7E5S 0.020 26,600 200 6 9,700 36.5 16,900 
6A0 0.375 26,800 250 0 7,900 | 29.5 19,000 
6A3 0.375 28,000 250 3 10,200 | 36.4 17,800 
6A5 0.375 26,600 250 6 10,300 38.7 16,300 
6A60 0.375 24,800 250 60 12,400 50.0 12,400 
6E0 0.020 27,200 250 0 12,500 46.0 14,700 
6E3 0.020 29,200 250 BI 15,600 53.4 13,500 
6E5 0.020 27,600 250 6 15,600 56.5 12,000 
6E60 0.020 28,300 250 60 18,900 66.8 9,300 
5A0 0.375 26,800 300 0 13,300 49.6 13,400 
5A3 0.375 27,000 300 3 16,100 59.6 10,900 
5A5 0.375 27,200 300 6 16,000 58.8 11,200 
5E0 0.020 28,200 300 0 18,600 66.0 9,600 
5E3 0.020 29,600 300 | 3 21,500 72.6 8,200 
5E5 0.020 29,700 300 | 6 21,900 TET. 7,800 
ing strips. of the fact that stress relaxation and 


As seen in Table 5 and Fig 9, the 
values at ‘‘zero”’ time show that there 
has been a rapid initial decrease in resi- 
dual stress (from an applied stress of 
25,000—-29,000 psi) during the 6 min. 
heating up period to each of the tem- 
peratures, and this is greater as the 
temperature increases and the grain 
size decreases. However, this rapid 
decrease does not constitute the whole 
of the stress relief and residual stresses 
remain after 10 min. in the furnace (4 
additional min.) which are appreciably 
higher than the stresses remaining in 
the earlier tests after 60 min. 

The curves suggest that, after the 
initial rapid stress relief, the rate of 
stress relief is independent of grain size 
and temperature. 


DISCUSSION OF RESULTS 


The data show that the amount of 
stress relief increases with time and 
temperature. This behavior would be 
expected of reactions involving atomic 
motions which require an activation 


as t Grain : Applied Per Cent Retained 
i Gauge Si Radius Stress Stress Stress 
oes Inch win age Inch psi Relief psi 
1 0.450 20 25,600 50.8 12,500 
0.0735 : 
2 0.012 20 26,400 69.3 8,000 
3(6A60) 0.375 5 24,800 50.0 12,400 
0.0185 
4(6E60) 0.020 5 28,300 66.8 9,300 


Specimens 1 and 3 show almost identi- 
cal stress relief and the difference be- 
tween 2 and 4 may be due to the effect 
of their difference in grain size. It is 
evident that with a constant applied 
stress specimen thickness may vary 
widely without greatly influencing the 
extent of stress relief as tested by bend- 
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energy and are thus functions of the 
probability that a given atom will be 
given sufficient energy to move into a 
more stable position. 

The present research also shows that 
the amount of stress relief decreases 
with increasing grain size. Perhaps the 
grain size effect is not surprising in view 


creep are fundamentally alike! and the 
creep rate of brass varies inversely 
with grain size.1® 

The experiments were not complete 
enough to establish whether, given 
sufficient time, specimens would reach 
the same residual stress for a given 
temperature regardless of initial stress; 
but the results suggest that this would 
not be true. Thus, if there were a resi- 
dual stress determined only by tem- 
perature after a very long time, it could 
be inferred from the curves that for 
some of the more highly stressed sam- 
ples (for example, 28,000 psi—250°C), 
the final residual stress could not be 
much below 10,000 psi. However, a 
sample stressed initially at 7,000 psi 
drops in 60 min. to 3,500 psi. More 
extensive studies of Moore and Beckin- 
sale? on the effect of time show that, 
except for much harder strip in which 
stress was entirely relieved (presuma- 
bly by recrystallization) at 250-300°C, 
a dependence of residual stress on ini- 
tial stress is maintained after the time 
curves become horizontal. 

Thermodynamic considerations 
would suggest that, if the metal were 
homogeneous, uniform stress in an 
elastically strained specimen would 
tend to approach, with time, a residual 
stress characteristic of the temperature 
and independent of the magnitude of 
the initial stress. The experimental 
evidence that the residual stress is a 
definite function of the applied stress 
can be understood by analysis of the 
inhomogeneities present and of the 
stress distribution. Considering, first, 
the lack of homogeneity of stress in a 
polycrystalline metal, the total stress 
can be considered as a composite of 
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FIG 8—The constancy of per cent stress relief with varying initial applied 
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stress. The same data as in Fig 7. 


microstresses which vary in magnitude 
because of the anisotropy of elastic 
modulus. If each local site of micro- 
stress were considered homogeneous, 
overall stress relief at a given tempera- 
ture would consist of a reduction of all 
higher stresses to a level characteristic 
of the temperature, and residual stress 
would be a composite of all the un- 
changed lower stresses and an increased 
number of stresses at the maximum 
level characteristic of the temperature. 

Increasing the applied stress in- 
creases each microstress proportionally 
causing the total stress to consist in- 
creasingly of microstresses higher than 
the stress to which a given temperature 
will relax them. Thus there is more 
stress relief in specimens having a 
greater initial stress. However, the 
residual stress will also be greater 
because the extent to which the total 
residual stress consists of the highest 
stresses possible at the temperature of 
annealing will increase with initial 
stress. 

With respect to the stress distribu- 
tion in an elastically bent specimen, 
there is again a range of stress, in this 
case increasing linearly from the neu- 
tral axis to the surface. The same argu- 
ment applies and stress relief results in 
a reduction of all higher stresses to a 
level characteristic of the time and 
temperature. A nonlinear stress dis- 
tribution results, but the total stress 
will be higher the higher the initially 
applied stress. 

Because of the uncertainty intro- 
duced by the fact that the calculated 
residual stresses indicate values which 
are higher than the actual residual 
stresses in the outer fibers by an 
undeterminable amount, it is not safe 
to estimate from the experimental 
results the magnitude of residual stress 
which might be found within a metal 
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20 ED 
TIME AT TEMPERATURE - MINUTES 


FIG 9—Rate of stress relief as affected by grain size and 


temperature. 


Initial applied stress: 25—29,000 psi. : 
Datum Sats are residual stresses after 0, 3, 6, and 60 min. at 


temperature. 


after any particular time in an anneal- 
ing furnace. The results do show, how- 
ever, that whatever the magnitude of 
stress remaining after a given treat- 
ment of brass in a given condition it 
will be greater after shorter times, at 
lower temperatures, with larger grain 
sizes and witn higher initial internal 
stresses. 


Intergranular Parting 
During Anneals 
It has been shown that ‘‘inter- 
granular parting,’ a type of failure 
occasionally observed in commercial 
fabrication of 70/30 brass, has a struc- 
tural appearance which can be dupli- 
cated by holding tensile specimens at 
a constant stress at elevated tempera- 
tures. The most probable time in com- 
mercial fabrication that the metal is 
under appreciable stress at an elevated 
temperature is. during the heating up 
period of an anneal. That parting 
occurs at this time is shown by tests 
which indicate that annealed brass 
will not support stresses adequate to 
cause parting in a short time (at least 
when they are only uniaxial), and by 
the observation in commercial fail- 
ures that recrystallization occurs after 
cracking. (Some examples are known 
in which thermal stresses during rapid 
spray cooling of annealed metal appear 
to have caused intergranular parting). 
In investigations as to whether in- 
ternal stresses can be responsible for 
cracking, qualitative measurements of 
the residual stresses still present after 
a few minutes at the temperatures 
favorable to parting, at least with 
initial stresses up to 28,000 psi, have 
shown that such residual stresses may 
be fairly high but probably not high 
enough to cause the parting. Higher 


residual stresses may be present when 
the initial internal stresses are greater. 
Total stresses adequate to cause part- 
ing can be accounted for, by assuming 
that, when this type of failure does 
occur, the residual stresses are supple- 
mented by thermal stresses from un- 
even expansion. 

The tests have shown the importance 
of grain size, since both the tendency 
toward intergranular parting and the 
tendency toward slow relief of stress 
are increased with increasing grain 
size. 

The comparative rarity of occur- 
rence of intergranular parting suggests 
that extreme variations of some of the 
factors contributing to it, or a for- 
tuitous combination of several of 
them, must be necessary. Very high 
internal stresses can be sustained by 
heavily worked brass; the extent and 
persistence of thermal stresses can 
vary according to the type of heating 
and furnace construction; the rate of | 
heating can be very rapid, minimizing, 
stress relief and increasing thermal 
stresses; grain sizes may be particu- 
larly large especially in heavy gauge 
material, which is more susceptible to 
uneven thermal expansion and in 
which, as a matter of fact, most exam- 
ples of intergranular parting are found. 

Corroboration of the conclusions 
drawn from this work can be found 
in practical solutions to commercial 
fabrication problems, based on _ this 
explanation for the cause of inter- 
granular parting. For example, in the 
early stages of fabrication of large 
seamless 85/15 brass tubing, inter- 
granular parting at the shoulders of 
large cups can be caused, or elimi- 
nated, depending upon the position 
of the cups during annealing. With 
the open face up, the inside surface of 
the cup is heated most rapidly and 
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transfers tensile stresses to the outside. 
These add to the internal stresses 
_ already present at the shoulder, and 
frequently cause cracking. If the cup 
is placed bottom up on the pan, the 
outside surface is heated first, and the 
residual tensile stress at the shoulder 
tends to be relieved by the thermal 
expansion of the metal so that no 
cracking occurs. This evidence suggests 
that parting can be caused solely by 
the effect of stress at an elevated 
temperature. The possibility that com- 
positional or precipitation effects may 
be contributory is not denied, but 
they alone are not adequate to cause 
parting. 

The tendency toward intergranular 
parting can be minimized by: 1. Mini- 
mizing internal stress left by cold 
working. 2. Keeping the grain size 
down. 3. Providing for uniform heat- 
ing. 4. Heating slowly enough to per- 
mit some stress relief before cracking 
temperatures are reached. 5. Placing 
_ the work in the furnace in such fashion 
that surfaces known to be internally 


stressed in tension reach temperature 
first. 


The finding of cracks in the heads of 
3 in., 50 caliber cartridge cases made 
from hot -rolled 70/30 brass has re- 
cently been reported by Arnold.!? The 
report lacks sufficient detail to indicate 
whether or not the factors discussed in 
this paper are responsible, but it is 
suggested that the results of this re- 
search should be considered in that 
connection. 
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A Proposed Microbending Mechanism of Plastic Deformation* 


The distortion of crystal struc- 
tures referred to as “‘biege gleitung”’,! 
“local curvature’’?-* and ‘“‘deforma- 
tion bands’’®* is believed to be an un- 
avoidable characteristic of deformed 
single crystals. The presence of asterism 
on Laue photograms of Al single 
crystals either deformed by pure shear? 
or extended in a condition relatively 
free from the grip effect? indicates 
strong evidence substantiating this 
point of view. The type of localized 
bending described in connection with 
_ the bending test of Al single crystals 
by Yen and Hibbard® could conceiv- 
‘ably exist either microscopically or 
submicroscopically in all types of 
deformation. The purpose of this note 
is to extend this idea to the postulate 
of a hypothetical ‘‘microbending site,” 
as applied to the mechanism of slip in 
a general sense. 

The mosiac structure, as postulated 
by Darwin,’ is that crystals were 
actually composed of small blocks 
which have a linear dimension 10-4 to 
10-* cm on the edge and deviate from 
each other by an angle of about one- 
tenth of a degree. The following dis- 
cussion is based on the assumption 
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that when slip is propagated from one 
mosaic block to the adjacent one, 
bending of the lattice at the region 
of their boundary is produced in order 
to maintain the continuity of the glid- 
ing process along a certain slip plane. 

Consider a two-dimensional diagram 
of two ideal mosiac blocks on the 
cross-section perpendicular to the slip 
plane and containing the active direc- 
tion of slip. When an external force is 
applied, the localized bending or 
‘“‘microbending site,’ would be gen- 
erated at the region as illustrated in 
Fig 1A at point B. 

A schematic diagram of a ‘“‘micro- 
bending site,’ generated at a mosaic 
boundary, is illustrated in Fig 1B. 
It may be seen that once the curvature 
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of the bending site reaches sufficient 
magnitude, the interaction force en- 
countered by pairs of atoms symmetri- 
cal with respect to the center of the 
bending is equal but opposite in sign. 
Consequently, the overall energy re- 
quired to displace the atoms near the 
center is approximately zero.!°-? 
Based upon the finding that the mis- 
alignment between two mosaics is 0.1 
degree,’ the assumption is made that 
“‘microbending sites” may possibly 
exist in the region where one plane 
will have one more row of atoms than 
an adjacent plane. It is probable that 
the origin of the bending site will be 
where the distance between two mosaic 
boundaries is “2d” as shown in Fig 1A 
at point B, where ‘“‘d’’ is the inter- 
atomic distance. Thus, the distance 
between two ‘“‘microbending sites”’ is 
in the range of about 600 interplanar 
spacings. In the case of aluminum, the 
spacing between two octahedral planes 
is about 2.33 A. The distance between 
two bending sites will be approximately 
2.5 < 10-5 cm. It is interesting to note 
that according to Woods" these values 
approach closely the size of the domains 
of a cold-worked metal whose minimum 
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FIG 1—Schematic diagrams 


dimension should be about 10-5 cm. 
Since different mosaic blocks in a 
crystal may bear various angular rela- 
tionships with neighboring ones, the 
““microbending sites’ could be classi- 
fied into two types. The one with the 
concave side upward as shown in Fig 
1B is designated as the concave type 
and the other with the convex side 
upward as the convex type. A greater 
interference would be exerted between 
a concave and a convex bending site, 
. one immediately above the other, than 
two similar ones, because of the dis- 
tortion produced in the adjacent lat- 
tice. The interaction force between 
two “‘microbending sites’’ of opposite 
curvature may be either attractive or 
repulsive, depending upon their rela- 
tive position to each other. For in- 
stance, if two “microbending sites” 
have both concave sides opposite to 
each other, the tensile strain in the 
lattice between them would have a 
tendency to pull them together. If 
two bending sites have both convex 
sides opposite to each other, the inter- 
action force becomes a repulsive one. 
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(B) 


showing ‘‘microbending sites.” 


However, both of these two arrange- 
ments can be considered to be respon- 
sible for the strain-hardening effect in 
plastically deformed crystals. 

One of the essential features of the 
mechanism proposed here is that the 
slip process is based upon the idea that 
slip starts at those planes where the 
location of “‘microbending sites” hap- 
pens to be close enough to form a sub- 
microscopically wavy layer which is 
composed of a number of curved sur- 
faces each having a low resistance to 
shear. As soon as the external force 
reaches this magnitude, slip takes place 
along the slip direction in the manner 
of a sequence of local processes. The 
time required from the generation of 
the “microbending site” to the com- 
mencement of slip appears to be the 
same as the incubation period in 
the nucleation theory recently pro- 
posed.14.15 Jt may be seen that once 
slip commences, the distortion pro- 
duced in the adjacent lattice may 
destroy the regular pattern of the 
““microbending sites.” This results in 
the phenomenon of strain-hardening 


which tends to prevent further gliding 
along the same plane. If, however, the 
external stress increases sufficiently 
to overcome the barriers between 
‘“‘microbending sites” which have rela- 
tively large misalignment at the ends, 
new slip markings between the old ones 
are produced. 

In Fig. 1B only a two-dimensional 
‘‘microbending site” is illustrated. 
Since this may be out of registry along 
the direction perpendicular to the 
paper, a type of distortion by bending 
about an axis parallel to the paper 
would be required to provide the con- 
tinuity of the slip process. If, however, 
a second set of slip planes becomes 
active, it is conceivable that strain- 
hardening of latent slip plane would 
always exceed that of the operative 
ones in order to pass through the highly 
distorted lattice and to initiate slip. 

In summary, ‘‘microbending sites”’ 
may be described as atomistically dis- 
located local curvatures which act as 
nuclei for the slip process. Thus, the 
mechanism for plastic deformation in 
crystals could be interpreted in accord- 
ance with the theory of local curva- 
ture,!-‘ the theory of dislocation!*-!* 
and the theory of nucleation.14.15 
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Introduction and 
Literature Survey 


This is the second in a series of 
papers coming from this laboratory on 
the correlation of the low temperature 
tensile properties of tin-binary alloys 
with microstructure. These engineering 
data and those of the previous paper? 
were obtained as the initial part of a 
long-range program to determine the 
changes in the fundamental mechanical 
properties accompanying the beta to 
alpha phase change in tin and its binary 
alloys below 13.2°C. Since it appears 
now that the more fundamental studies 
will be delayed,* and since no summary 
of the low temperature properties of 
these tin-base white bearing alloys was 
found in the literature, it was decided 
to publish all the engineering data thus 
far obtained. Accordingly, the tensile 
properties of thirteen binary alloys con- 
taining from 0.1 to 60 pet cadmium and 
0.1 to 10.43 pct antimony measured at 
six temperatures from —196 to-+23°C 
are presented here and their variations 
rationalized in terms of microstructure. 

A literature search showed that these 
systems had not been investigated at 
low temperatures, although both the 
tin-cadmium and tin-antimony?*'’ 
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and the tin-rich corner of the ternary 
system®” have been studied at room 
temperature. Hanson and _ Pell-Wal- 
pole® and Homer and Plummer‘ deter- 
mined the tensile properties of alloys 
containing from 0 to 10 pct cadmium. 
The same authors? determined the 
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tensile strength and elongation in the 
tin-antimony system from 2 to 18 pct 
antimony at room temperature while 
Pell-Walpole et al.*.’ studied the proper- 
ties of high tin and _ tin-antimony- 
cadmium alloys. Since there were many 
variables besides composition in these 
tests, it was difficult to make a valid 
comparison with the room temperature 
data of the present study, but in 
general the tensile strength and ductility 
values are in reasonable agreement. 

Pell-Walpole? also determined the 
effect of grain size on the tensile 
strength of pure tin and 1 pct alloys 
of both antimony and cadmium. The 
true maximum stress was found to de- 
crease exponentially as the number of 
grains in the cross-section increased. 
This effect of grain size was strikingly 
revealed in the present work, as indi- 
cated in a later section. 

Hanson and Pell-Walpole® placed the 
solid solubility limit of antimony in 
tin at 3.5 pct at 20°C, increasing to 
4 pet at 190°C, and then sharply in- 
creasing to 10.3 pct at 246°C (the 
latter being a peritectic point). Their 
results are in disagreement with those 
of previous investigators,® and the dis- 
crepancy seems to lie in the micro- 
graphic observation of the second phase 
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FIG 1—Microstructures 
of tin-antimony and tin-cad- 
mium alloys. 
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a 3.38 pet Sb, as cast; b 3.38 pct Sb, homogenized 150 hr at 190°C; c 10.43 pct Sb, homogenized; 
d 2.65 pet Cd, homogenized; e 10 pet Cd, homogenized; f 20 pet Cd, homogenized; g 33 pct Cd, 
homogenized; h 60 pct Cd, homogenized. Etched in 8 parts glycerine, 1 part acetic acid, 1 part nitric. 
100 X. Reduced one third in reproduction. 


SbSn. This is ordinarily seen as large 
cuboids first appearing at about 9 pct 
antimony, but Hanson and Pell-Wal- 
pole showed that it also appears as a 
fine precipitate, preferentially along 
the grain boundaries, in compositions 
as low as 3.5 pct. They employed 
thermal analysis, resistance measure- 
ments and micrographic methods, and 
the results seem quite conclusive. 

The same authors,®*?.!° investigating 
the tin-cadmium system, found the 
room temperature solid solubility limit 
at 1.0 pct and this limit remained essen- 
tially constant to 133°C, the tempera- 
ture of the eutectoid transformation. 

In the present investigation, the 
equilibrium diagrams of Hanson and 
Pell-Walpole for both systems have 
been accepted as conclusive, since they 
are the most recent and the most 
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ry 


comprehensive. Moreover, the limited 
metallographic study carried out here 
for purposes of correlating microstruc- 
ture and tensile properties, confirmed 
their findings. 


Materials and Methods 


PURITY AND PREPARATION 
OF ALLOYS 


The tin was the same grade (99.9965 
pct pure) used in the early investiga- 
tion.! The antimony metal was Mallinc- 
krodt reagent quality in crushed 
granular form and was 99.84 pct pure. 
Cadmium metal of 99.97 pct purity 
was obtained in the form of 34 in. rods 
from the American Smelting and Re- 
fining Co. 

Using the melting procedure previ- 


ously described,! tin-cadmium alloys 
containing 0.092, 0.26, 0.90, 2.65, 10.0, 
20.0, 33.0, 60.0 pct cadmium, and 
antimony alloys containing 0.0, 0.31, 
1.11, 3.38 and 10.43 pct antimony were 
melted and cast tensile bars, 0.25 in. in 
diam and 1 in. in gauge length, were 
prepared. Chemical analyses were made 
on all compositions, antimony and 
cadmium contents being determined 
spectrographically, while wet analyti- 
cal methods were used for the higher 
values. Spot checks on the finished test 
specimens showed that iron, in amounts 
of 0.005 pct, was the greatest impurity. 


HEAT TREATMENT AND 
MICROSTRUCTURE 


Heat treatments to provide a variety 
of microstructures were possible with 
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FIG 2—tThe effect of temperature on the tensile properties 
of pure tin. 
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FIG 3—The tensile strength from —195°C to 23°C of tin- 


these alloys, but a structure stable at 
room temperature was selected as most 
desirable for these studies. Conse- 
quently, the bars were annealed at a 
temperature such that, in cooling down 
to room temperature, no phase change 
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and only slight changes in solubility 
would occur. Homogenizing anneals of 
150 hr at 190°C for the antimony alloys 
and 350 hr at 120°C for the cadmium 
alloys, while immersed in silicone oil, 
fulfilled these conditions. For con- 


antimony alloys containing 0.1 to 10.43 pct antimony. 


venience, all compositions of the re- 
spective systems were heat treated at 
the same temperature, since this did 
not violate the above imposed con- 
ditions. After the homogenization, the 
bars were slowly cooled in the furnace 
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FIG 4—The effect of various temperatures on the reduction 
in area for tin-antimony alloys containing from 0.1 to 10.43 pct 
antimony. 


O= .10 %Sb 


ELONGATION , PERCENT IN ONE INCH 
+ 
°o 


-200 -180 -I60 -140 -120 -!1990 -80 -60 -40 -20 0 


TEMPERATURE, °C 


20 640 


FIG 5—The percent elongation in one inch from —195°C 
to 23°C for tin antimony alloys containing from 0.1 to 10.43 
pct antimony. 


to room temperature. 

Fig la shows the typical cast struc~ 
ture with pronounced coring obtained 
in the 3.38 pct antimony alloy. The 
structure after homogenization at 150 
hr at 190°C is shown in Fig 16. Atten- 
tion is called to the definite grain 
boundary constituent appearing in 
Fig 1b. This evidence substantiates the 
findings of Hanson and Pell-Walpole 
who placed the solubility limit at 
3.5 pet. These authors noted a definite 
tendency for the second phase to appear 
at grain boundaries, and Fig lc, repre- 
senting an alloy of 10.43 pct antimony, 
clearly shows the presence of the com- 
pound SbSn in the form of cubic 
crystals in the grain boundaries. 
~ It should be noted here that a more 
complete metallographic investigation 
would have been desirable to supple- 
ment existing knowledge concerning 
solid-solubility limits, distribution of 
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second phases, and others, but the 
limited studies reported here were con- 
sidered sufficient for purposes of this 
research. Fig ld shows the micro- 
structure of the 2.65 pct cadmium alloy 
in the homogenized condition. The 
eutectic structure is evident in Fig ld, 
and it is clear that the solubility limit 
(1 pet) has been exceeded. This alloy 
undergoes a_ peritectic reaction at 
223°C, and the resulting beta structure 
is stable down to 133°C. However, this 
reaction is easily suppressed by rapid 
cooling,!° so that the eutectic of Fig 1d 
is believed to be present in nearly the 
equilibrium amount. Special attention 
is called to the dispersion of fine ma- 
terial throughout the grains in this 
2.65 pet cadmium alloy. Whether this 
represents a small amount of the now 
metastable 8 phase, or whether the 
particles are y which has transformed 
in situ from the 6 and perhaps slightly 


agglomerated, is an interesting question 
and one which could not be further 
investigated here. The authors are in- 
clined to the latter opinion, since the © 
long homogenizing treatment (350 hr) 
is believed to represent a close ap- 
proach to structural equilibrium. 

Fig le, f, g and h show typical micro- 
structures of the 10, 20, 33 and 60 pct 
cadmium alloys. Before discussing the 
individual structures, it will be noted 
that in all four compositions, the a or 
continuous phase is much finer grained 
than in the lower cadmium alloys. As 
will be explained in the discussion of 
results, and mentioned later in this 
section, this is an important factor to 
be considered in the interpretation of 
the tensile data. 

The structure of the 10 pct cadmium 
alloy (Fig le) is seen to be two phase 
with the y phase forming an almost 
continuous grain boundary envelope 
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FIG 6—Variation of Tz, Tu, and the maximum tensile 


strength at 7'x, with composition. 
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FIG 7—The effect at various temperatures of composition on the ultimate 
tensile strength of tin-antimony alloys containing from 0.1 to 10 pct 


antimony. 


about the predominant a matrix. The 
a phase of the 20 pct alloy (Fig If), on 


‘the other hand, is even finer grained 


than that in the 10 pct’ alloy, and is 
composed of a network of both fine and 
agglomerated y phase enclosing the 


- white a phase. In both these alloys, 


homogenization has caused extensive 
agglomeration, as indicated by the 
presence of large intergranular black 
particles along with the finer spheroid- 


ized grain-boundary precipitate also 
present. The eutectic alloy containing 


‘ 


33 pet cadmium, Fig 1g, is seen to con- 
tain even more of the black y phase 
uniformly dispersed along with the 
finer y spheroids in the a matrix. 
Fig 1g shows the very interesting 


‘microstructure of the 60 pct cadmium 
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Was 


alloy. Here the large massive particles 
are primary y, which appeared as 
massive dendrites in the cast structure. 
Homogenization has broken up these 
dendrites into very large particles of y, 
although the distribution of the phase 
has been altered little from that in the 
cast structure. Also the lamellar struc- 
ture lying between the y dendrites in 
the cast alloy has been completely 
spheroidized and appears as a fine 
precipitate in the white a matrix. 

The influence of grain size on tensile 
properties has been investigated by 
other workers who used the total num- 
ber of grains in the specimen cross- 
section as a variable.? For normal fine 
grain sizes, the effect is not significant, 
but tensile properties are considerably 


influenced when the cross-section of the 
bar represents only a few grains. Since 
the base metal tin has a recrystalliza- 
tion temperature below room temper- 
ature for ordinary amounts of plastic 
strain, grain growth during the homo- 
genizing anneal is possible. In the 
present case, however, both alloying 
elements raised the recrystallization 
temperature sufficiently so that no 
troublesome grain growth was en- 
countered except in the 0.1 and 0.3 pct 
antimony alloys. Here the cross-section 
of the bar may frequently have con- 
tained only two or three grains, but in 
no case was a monocrystalline, chisel- 
type fracture obtained. The pronounced 
grain refining effect of cadmium on the 
cast structure resulted in extremely fine 
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FIG 8—The effect at various temperatures of composition on the ulti- 
mate tensile strength of tin-antimony alloys containing from 0.1 to 10 pct 


antimony. 


grain sizes in most of the cadmium 
alloys, especially those containing more 
than 3 pct cadmium. 


TESTING METHODS 


Complete details of test specimen 
and testing procedure were those de- 
scribed in Ref. 1, except that iso- 
pentane was used for the immersion 
liquid for temperatures near —155°C. 
The strain rate was maintained at 
0.2 iipm for all tests, and testing tem- 
peratures were held to +0.4°C. The 
deviation of the measured load, using 
the weigh bar, was +1.0lbor + 0.05 pet 
at the highest load in all cases when the 
ductility was sufficient to allow ample 
time to balance the strain indicator. 
The elongation and reduction of area 
data represent the usual degree of 
accuracy attained in tensile testing, 
except that with coarse-grained frac- 
tures, the reduction of area is somewhat 
less accurate because of the difficulty 
in accurately measuring the final 
diameter. 

As in the tin-lead studies! tensile 
specimens, 0.25 diam with 1-in. ga 
length, were tested either in duplicate 
or triplicate at each temperature and 
the results are summarized below in 
graphical form. In the event of con- 
siderable discrepancy between the 
duplicates, or if the fractured surface 
showed casting defects, a third test 
was made in nearly all cases. 


Discussion of Results 
The data obtained in this investiga- 
tion are presented graphically in Fig 3, 
4, 5, 9, 10, and 11, the tensile strength 
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being plotted in various ways as func- 
tions of both temperature and com- 
position. The pertinent data reported 
here include ultimate tensile strength, 
per cent elongation in a one inch gauge 
length, and per cent reduction in area. 
The values of true maximum stress 
were calculated for a few bars, but be- 
cause of the experimental errors in the 
measurement of the true area and the 
doubtful accuracy of the breaking load 
values, no coherent data were obtained. 
Also, yield data are not reported be- 
cause neither the ‘‘ weigh bar,” ‘‘drop- 
of-the-beam”’ or offset methods gave 
reproducible values. 

In previous studies,! the low tem- 
perature tensile properties of pure tin 
were rationalized in terms of the effect 
of decreasing temperature on (1) the 
critical flow stress, (2) the extent or 
amount of cold work, and (3) the 
technical cohesive strength (true frac- 
ture stress at nil cold work). It is be- 
lieved that a similar analysis can be 
made in the case of these data, with 
the stipulation, as given earlier, that 
when two or more phases are present 
in alloys, the measured tensile proper- 
ties will be the net result of these three 
factors operating simultaneously on the 
separate phases. Thus the relative 
amount, form and distribution of the 
phases present will influence the magni- 
tude of the net temperature effects. 
Also, since pure white tin is metastable 
below 13.2°C, all the tests except those 
at room temperature are subject to 
possible effects of the a (white) to B 
(grey) transformation. It is known that 
rolling, bending or drawing enormously 
increases the velocity of transformation 
at —50°C, the velocity being propor- 
tional to the intensity of deformation. 


In general, alloying elements are known 
to retard the transformation velocity 
but their effect on the equilibrium has 
never been determined. Both the ki- 
netics and phasial equilibria are being 
studied in this laboratory as major 
research problems; but until these data 
are available, it cannot be stated 
whether or not the present series of 
alloys were in a metastable condition 
when tested. However, in over 125 tests 
at sub-zero temperatures some of which 
lasted 15 min. or more, no visual eyi- 
dence of the transformation from white 
to grey tin was observed, and it will 
therefore be eliminated as a variable. 
As in the earlier work,! certain terms 
used in this discussion will be defined 
so that their use in this discussion will 
be clearly understood. Reduction in 
area, rather than elongation, will be 
used exclusively as the measure of 
ductility; temperature of embrittle- 
ment, T's, is defined as the temperature 
at which 50 pct of maximum ductility, 
that is, 50 pet of maximum reduction 
in area, occurs in the given alloy. Tem- 
perature of maximum ultimate tensile 
strength, Tu, is self-defining. Technical 
cohesive strength is used here as the 
fracture stress at nil cold work. The 
critical flow stress is defined as the 
applied stress required to start flow. 
To make this an integral report, a 
summary of the previous explanation 
of the pure tin properties will be given. 
For this purpose, Fig 2 containing the 
tensile properties of pure tin as a func- 
tion of temperature from —195 to 
+23°C has been reproduced here. It 
has been postulated that for pure tin 
fracture at temperatures down to 
—125°C occurred principally by flow, 
since 100 pct of the ductility remained 
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FIG 9—The effect of temperatures on the ultimate tensile 
strength of tin cadmium alloys containing from 0 to 60 pct 
cadmium. 


at that temperature. Down to —60°C, 
the rapid increase in tensile strength 
was caused partially from the increase 
of the flow stress with decreasing tem- 
perature, but principally from the 
increasing contribution of the work 
hardening, as evidenced by the increase 
in elongation to a maximum at this 
temperature. Below — 60°C the amount 
of work hardening decreased and the 
critical flow stress, increasing as the 
temperature decreased, became the 
main component of the tensile strength. 
At —130°C as the ductility (R.A.) 
began falling off and approached 50 pct 
R.A., failure in tension occurred half 
by cleavage and half by flow, and the 
metal could then be considered brittle. 
At this point, work hardening was still 
contributing to the cleavage stress be- 
~ cause considerable ductility still re- 
mained. However, as the ductility fell 
off, the contribution of the flow stress 
correspondingly decreased until failure 
occurred principally by cleavage. Fi- 
nally, as the ductility decreased the 
cleavage stress simultaneously de- 
creased and approached the true frac- 
ture stress at nil cold work. _ 

An examination of the tensile data 
at the various subatmospheric temper- 
atures for both the tin-antimony and 
tin-cadmium alloys indicates that the 
same three fundamental factors oper- 
ating in the case of pure tin may also 
be responsible for the various alloy 
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properties. Of course, certain differ- 
ences between the alloys and pure tin 
do exist, and these will be pointed out 
as the specific data for each system are 
considered. However, as in the case of 
the tin-lead alloys,! it will be assumed 
that because of the graphical analogies, 
the measured temperature effects on 
the properties of the alloys differ from 
those of pure tin only in degree. Hence 
the main emphasis in the following 
discussion will be placed on the correla- 
tion of the tensile data with com- 
position and the explanation of these 
relations on the basis of microstructure. 

The data for both binary systems 
have been presented graphically in 
various ways, as were the tin-lead data, 
in order to reveal pertinent relation- 
ships. These include (1) plots of tensile, 
elongation, and reduction in area or 
ductility values versus temperature, 
(2) Tz, Tu vs. composition and maxi- 
mum tensile strength vs. composition, 
the latter on a logarithmic scale, (3) 
tensile strength at each of the six test 
temperatures vs. log composition, and 
(4) for the tin-cadmium series only, log 
of tensile strength at each temperature 
level vs. composition on a linear scale. 

For ease of reading, the same se- 
quence as was followed in the earlier 
discussion will be adhered to here. That 
is, relationships between composition 
and tensile strength will be brought 
out by appropriate crossplots of the 


data, and with the aid of these, the 
influence of composition on (1) the tem- 
perature of maximum tensile strength 
Tm, (2) the temperature of embrittle- 
ment Ts, (3) the maximum tensile 
strength at Ty, and (4) the tensile 
strength at the six testing temperatures 
will be described. A rationalization of 
these four specific composition-property 
relations in terms of the microstruc- 
tures of the alloys will then be dis- 
cussed in the indicated order. 


TIN-ANTIMONY ALLOYS 


It will be noted in Fig 3 that, for 
the tin-antimony alloys, increasing 
amounts of the second phase, that is, 
brittle 6 (SbSn) phase, has caused 
definite differences in the magnitude of 
the changes in tensile properties with 
decreasing temperature. On the other 
hand, the only significant difference 
between the shape of these curves and 
that for pure tin is that below —160°C, 
where nil ductility is possessed by both 
pure tin or the tin-antimony alloys, the 
fracture stress increased with decreas- 
ing temperature for the 3 and 10 pct 
antimony alloys. This was also ob- 
served in the case of the 50-50 tin-lead 
alloys! as well as other metals, and. 
further confirms the postulate that the 
fracture stress of metals in general in- 
creases with decreasing temperature. 
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Examination of the tensile data pre- 
sented in Fig 3 shows that additions of 
2.5 pct antimony and less had no 
measurable effect on the temperature 
of maximum tensile strength, 7’, or on 
the temperature of embrittlement, T's. 
The higher antimony additions, how- 
ever, definitely affected Ty and Ts, 
and these effects are obvious in Fig 6. 
Here it is seen that Ty and Tz are not 
synonomous in these alloys, the maxi- 
mum difference being as much as 25°C 
for some alloys. As in the earlier work,! 
it is believed this difference is a result 
of the interaction of the three funda- 
mental factors acting simultaneously 
either on the solid solutions of varying 
composition, or on the two phases 
present in some of the alloys. 

In Fig 6 it can be seen that Ty re- 
mains essentially constant up through 


120 


3.38 pct antimony while Ts is con- 
sistently 25°C lower through 1 pct 
antimony. Then above 3.38 pct anti- 
mony for Ty and 1 pet for Tz, a rapid 
rise occurs, with 7’; rising above T'» by 
from 10 to 15°C until at about 10 pct 
antimony they become synonomous. 
The maximum ultimate tensile strength 
(at Tm) increases exponentially with 
increased antimony, as shown by the 
straight line relationship of the tensile 
strength at 7’ vs. the logarithm of the 
composition (wt pet antimony). Vari- 
ations of the tensile strength with com- 
position at the six test temperatures is 
also of interest and is shown in Fig 7 
and 8. Above 7's, additions of anti- 
mony up to about 2 pct had only a 
slight strengthening effect, but 3 pct 
antimony and higher caused an abrupt 
rise in the strength. These data for each 
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FIG 10—The effect of temperature on the reduction in area for 
tin-cadmium alloys. 
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FIG 11—The percent elongation in one inch as a function 
of temperature for the cadmium alloys containing from 0 to 


60 pct cadmium. 
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temperature seem to be represented 
satisfactorily by two straight lines 
intersecting between 2.2 and 2.8 pct 
antimony. At —115°C, additions of 
antimony up to about 1.8 pct have a 
strengthening effect but further addi- - 
tions had no apparent effect on the 
tensile strength. Below Tz, antimony 
contents up to 2 pct either decreased 
the strength slightly, as at —155°C, 
Fig 8, or have little or no effect, as at 
— 196°C. Between 2.3 and 2.5 pct anti- 
mony, a sharp break in the curve is 
seen, with further additions of anti- 
mony causing a pronounced increase 
in strength. 

These data and the various relation- 
ships between composition and tensile 
strength can be rationalized quite satis- 
factorily in terms of the heterogeneous 
microstructures developed in these 
alloys. Antimony additions up to about 
2.5 pet did not affect Tx or Tz appreci- 
ably because the antimony remained in 
solid solution in tin. As mentioned 
earlier, the solid solubility of antimony 
in tin at room temperature has been 
reported recently as 3.5 pet by Hanson 
and Pell-Walpole.!? However, the sharp 
break in the tensile strength vs. com- 
position curves shown in Fig 7 and 8 
may be interpreted as evidence that 
the solid solubility at 20°C lies between 
2.2 and 2.8 pct antimony. The follow- 
ing explanation is thus offered: Anti- 
mony up to 2.2 pct had no effect on 
Tu or Tz because the alloys in this 
composition range were single phase. 
In this solid solution range, however, 
solution of antimony in the parent tin 
lattice formed a substitutional solid 
solution and strengthened the alloy in 
direct proportion to the percent anti- 
mony added at temperatures above T's. 
Thus the maximum tensile strength 
and the ultimate tensile strength at and 
above —115°C increase with increased 
antimony. On the other hand, at 
—155°C and —196°C antimony in the 
solid solution range either decreases the 
tensile strength or has only a slight 
effect. Since both these temperatures 
are below Tz, the alloys in this com- 
position range possess no measureable 
ductility and the observed tensile 
strength plotted in Fig 8 is really the 
true fracture stress of the alloys. These 
data thus indicate that antimony 
atoms, corresponding to 2 pct anti- 
mony or less, dissolved substitutionally 
in tin either slightly decrease or have 
little or no effect on their true fracture 
stress at temperatures below T',. 

Between 2.2 and 2.8 pct antimony, 
particles of 8 phase (SbSn) precipitated 
preferentially at the grain boundaries 
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FIG 12—Variation of temperature of maximum tensile strength, Tx, temperature 
of embrittlement, Tz, and tensile strength at J with composition. 


and this would be expected to cause 
precipitation hardening. The closest 
composition to this range included in 
this survey was a 3.38 pct alloy, and as 
seen in Fig 1b, this alloy was found to 
contain a grain boundary constituent, 
which was presumed to be particles of 
6 phase. Property-wise, this was re- 
flected by a slight rise in Ty and Tz, 
for here the 8 particles were either large 
or numerous enough to facilitate slip. 
However, the particles had not ex- 
ceeded the critical particle size for 
hardening because the maximum ten- 
sile strength and the tensile strength 
above Tz, for this alloy, were higher 
than for the lower alloys. At the same 
time, at —115°C the fact that the 
3.38 pct alloy had no higher tensile 
‘strength than the 1.1 pct alloy at first 
appears anomolous. This is to be ex- 
‘pected, however, since —115°C is be- 
tween 7'z and 7'y. The continuous a 
(tin-rich) phase is of course predomi- 
nant and is believed to determine the 
__properties of this alloy. These results 
mean, then, that the true fracture 
stress of the @ tin-rich phase is the 
major remaining component of the 
_--tensile strength and in this case it is no 
higher than the combined critical flow 
stress, fracture stress and work harden- 
ing contribution making up the tensile 
strength of the lower solid solution 
alloys. Similarly the same explanation 
is offered to account for the ultimate 
tensile strength values obtained at 
—155 and —196°C. 
In the 10.38 pct alloy, the 6 particles 
were considerably larger and more 
numerous, appearing intragranularly as 
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well as in the grain boundaries. These 
large brittle particles of 6 in the grain 
boundaries acted as discontinuities and 
consequently Ty and Ts, increased 
abruptly. At the same time, sufficient 
intragranular precipitation occurred to 
cause the maximum tensile strength to 
increase. Above 7’; the ultimate tensile 
strength also increased rapidly, pre- 
sumably because as seen in Fig 4 and 5, 
considerable ductility remained so that 
critical flow stress and work hardening 
of both the continuous a tin phase and 
discontinuous 8 phase was appreciably 
higher than that for the lower alloys. 
That the true fracture stress at this 
temperature remains small is indicated 
by the fact that at the lower tempera- 


ture of —115°C, that is, 50°C below 
Tz for this alloy, the net tensile 
strength, being essentially the true ~ 
fracture stress (only 2 pct ductility 
remaining), is still equal only to the 
strength of the 3.38 pct alloy. Con- 
tinuing this line of reasoning, at —155 
and —196°C, the tensile strength in- 
creased appreciably because the frac- 
ture stress markedly increased with 
decreasing temperature. It is significant 
to note that the 10.38 pct antimony 
alloy was about 2500 psi stronger at 
—196°C than at —155°C, in further 
confirmation of the negative tempera- 
ture coefficient of the true fracture 
stress. 

Thus the variations with composi- 
tion of Ty, Ts, the maximum tensile 
strength at Ty, and the ultimate 
tensile strength at subatmospheric tem- 
peratures as low as —196°C can be 
rationalized in a straightforward and 
logical manner in terms of the micro- 
structure developed in the alloys. It is 
hoped that more fundamental data, 
such as true-stress strain measure- 
ments, yield data, tensile properties of 
variously strained alloys, creep data, 
and other information may soon be 
available to test the basic reasoning 
and perhaps separate the several vari- 
ables used here necessarily in a qualita- 
tive way. Extension of this work to 
higher antimony alloys would be very 
desirable, especially from the funda- 
mental standpoint. Extrapolation of 
the curves of Fig 6 indicates that Ty 
and TJ, for the single phase 8 alloy 
(45 pet antimony) should be approxi- 
mately +20°C, and its maximum ten- 
sile strength should be about 16,500 psi. 
These predictions were confirmed in 
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FIG 13—The effect at various temperatures of composition on the ultimate 
tensile strength of tin-cadmium alloys. 
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part when a 30 pct alloy was found to 
be brittle at about 0°C. However, since 
sound castings of this and higher com- 
positions proved difficult to prepare, 
sufficient specimens were not available 
for these initial studies. 


TIN-CADMIUM ALLOYS 


The tensile data for the tin-cadmium 
alloys containing from 0.01 to 60 pct 
cadmium are summarized graphically 
in Fig 9 to 11. Also, the curves for pure 
tin are superimposed on these for the 
tin-cadmium alloys for comparison 
purposes. As indicated above, a com- 
parison of the tin-cadmium alloy 
curves with pure tin shows they are all 
similar in shape, except, of course, the 
magnitude of the effect of decreasing 
temperature on the tensile properties 
varies with the composition. 

It will be noted first that the maxi- 
mum in the tensile strength vs. tem- 
perature curve of Fig 9 for the alloys 
containing from 0.1 to 2.65 pct. cad- 
mium occurs at —115°C, which is 
about 25°C higher than that for pure 
tin. Alloys containing from 10 to 60 pct 
cadmium. appear to form another 
family of curves with the maximum 
at —155°C. This apparent demarca- 
tion of the curves into two families 
with maxima from 35 to 40°C apart 
first appears to be anomalous, but it 
is believed to be caused by grain size 
differences rather than an effect of 
composition changes. The first four 
cadmium alloys were cast into slightly 
hotter molds than were the pure tin 
and the four higher cadmium alloys. 
Consequently, the grain size of the 
latter four alloys and tin was much 
finer and this not only shifted the 
maxima in tensile strength to a lower 
temperature, but raised the entire level 
of each tensile strength vs. temperature 
curve. Cursory microscopic examina- 
tion confirmed this reasoning, but con- 
siderably more experimental work than 
was possible to include in this investi- 
gation would be required to establish 
more specifically the effect of grain size 
on low temperature tensile properties. 

This effect must be considered to 
explain the data plotted in Fig 12 which 
shows the relation between Ty, 72, 
maximum tensile strength and com- 
position. Two separate curves have 
been drawn for the Ty vs. composition 
data in line with the reasoning that the 
grain size of the four lower alloys was 
considerably larger than that of the 
four with higher cadmium contents. 
The effect of grain size, however, on the 
ductility and T of the eight alloys was 
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FIG 14—The effect of composition on the ultimate tensile strength of tin cadmium 
alloys at —155°C and —195°C. 


not as pronounced as that on Ty. 
Composition had no apparent effect on 
Tm through 2.65 pct cadmium. Vari- 
ation of the cadmium content from 
10 to 60 pct, on the other hand, de- 
creased Ty slightly. T; follows a simi- 
lar trend to that of the tin-lead! and 
tin-antimony alloys. Although the 
Tz vs. log of cadmium composition 
curve theoretically could only ap- 
proach —140°C, that is, Tz for pure 
tin at —o (ince log 0 is —~), an 
approximate extrapolation is pertinent 
to show that the first additions of cad- 
mium up to 0.1 pct had little or no 
effect on Tz. Tz then increased steadily 
for the 0.26 and 0.90 pct alloys to a 
maximum between 1.0 and 2.65 pct 
cadmium followed by an abrupt de- 
crease for the 10 to 60 pct alloys. A 
value for Tz constant within +5°C for 
pure tin was then approached. Finally 
an extremely low value for the eutectic 
33 pct alloy was obtained. The maxi- 
mum tensile strength at 7 increased 
uniformly over the entire composition 
range from 0.1 to 60 pct cadmium, the 
data following a straight line relation- 
ship quite well. The isothermal tensile 
strength-composition data plotted in 
Fig 13 and 14 show that above Tz, the 
tensile strength increases as the cad- 
mium content increases, the curve 
approaching maxima at about 10 pct 
cadmium and either decreasing slightly 
or remaining constant for the 20, 33 
and 60 pet cadmium compositions. At 
—115°C, pronounced — strengthening 
from cadmium additions continues and 
obeys a straight line relationship until 
a maximum is reached at 33 pct fol- 


lowed by a decrease in strength for the 
60 pct alloy. Below Tz, that is, at 
—155 and — 196°C, however, additions 
of cadmium up to 1 pct have only a 
slight strengthening effect. Then a 
sharp break occurs at the 1 pet com- 
position level, with further additions 
causing very marked increases in ten- 
sile strength to either approach or 
attain maxima at from 33 to 60 pct 
cadmium. As in the case of the tin-lead! 
and tin-antimony systems, this break 
in the tensile strength vs. log composi- 
tion below Ts corresponds with the 
terminal solid solution limit of cad- 
mium in tin, and is taken as confirma- 
tion of this 10 pct solid solubility of 
cadmium in tin reported by Hanson 
and Pell-Walpole.*® Further, if the ten- 
sile data for temperatures above T's are 
replotted with the tensile strength on a 
logarithmic scale, a very definite break 
in the curves occurs at. about 1 pct 
cadmium, Fig 15. These data are also 
considered to confirm the 1 pct cad- 
mium solid solubility in tin. It is 
undoubtedly significant that two dis- 
tinctly different relationships between 
tensile strength and composition are 
obeyed for above and below T's respec- 
tively, but without additional funda- 
mental data it can only be speculated 
that this difference is related to the 
fact that the fundamental process oper- 
ating above Tz is cleavage by flow, 
whereas below T's, failure occurs princi- 
pally by fracture. At any rate, having 
confirmed the most recent tin-cadmium 
phase diagram reported in the litera- 
ture,° the following correlation of low 
temperature tensile properties and 
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FIG 15—The ultimate tensile strength for various tem- 
peratures as a function of composition in the range from 


0 to 10 pct cadmium. 


microstructure is offered. All the data 
and relationship revealed by various 
graphical treatments will be considered 
except Ty vs. composition curve since, 
because of grain size effects, it is some- 
what anomalous. 

The first additions of cadmium (up to 
0.1 pet) had no effect on Tz, however, 
because the substitutional cadmium 
atoms were too few to change the flow- 
fracture properties of the resulting 
solid solution from those of the pure 
tin. Increasing numbers of cadmium 
atoms, however, corresponding to 0.26 
and 0.9 pet cadmium distorted the 
parent tin lattice increasingly, so that 
cleavage by flow was facilitated and Tz 
increased. The tensile strength at Ty 
also increased continuously in this 
composition range, presumably because 
increased numbers of cadmium atoms 
_ dissolved substitutionally increased the 
critical flow stress and work-hardening 
‘contribution of these homogeneous 
solid solutions. The tensile strengths of 
these alloys above Tz also increased 
_ progressively for the same reason. Be- 
low Tz, however, increasing cadmium 
up to 0.9 pet had only a slight strength- 
ening effect, indicating that dilution of 
the tin-rich matrix with substitutional 
cadmium atoms did not appreciably 
influence the true fracture stress 
values of the various alloys. 

At 1.0 pet cadmium, however, a fine 
precipitate of y phase began appearing 
preferentially at the grain boundaries, 
slip was thus facilitated and Ts in- 
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creased to a maximum between | and 
3 pet cadmium. The maximum tensile 
strength continued to increase, how- 
ever, probably because of precipitation 
hardening and because the fracture 
stress of the y phase, occurring both 
inter- and intragranularly in the 2.65 
pet alloy, was sufficient to supplement 
the composite flow, work hardening, 
and fracture stress of the continuous 
tin phase. The tensile strength above 
Ts continued to increase in the range 
from 0.1 to 3 pet cadmium, probably 
because of precipitation hardening. At 
—155 and —196°C, however, or below 
Tz, the increase in tensile strength 
must be attributed to the higher com- 
bined fracture strengths of the precipi- 
tated y and the continuous a phases. 


It is significant to note that as Ts is 


more nearly approached or exceeded, 
the slopes of the curves of Fig 13 in- 
crease in the 0.1 to 3 pct cadmium 
range. This can be interpreted as indi- 
cating that the technical cohesive 
strength component of the net tensile 
strength is increasing and becoming 
more predominant with decreasing 
temperature. Ultimately, the tensile 
strengths at —155 and —196°C are the 
true fracture strengths, since no duc- 
tility remains at these low temperatures. 

As the composition reached and ex- 
ceeded 2.65 pct cadmium, the inter- 
granular y precipitate increased in 
amount so that flow was facilitated in 
this phase as well as the a phase and 
thence JT, decreased to a constant 


value of about —134°C at the 10 pct 
cadmium level. The maximum tensile 
strength increased in the 2.65 to 10 pct 
cadmium range probably because the 
y phase was uniformly distributed and 
the critical flow stress and work- 
hardening of the two-phase alloy in- 
creased with increasing amounts of 
y phase. The tensile strengths at +23 
and —30 were also improved because 
both the a and @ phases had higher 
critical flow stresses and were strength- 
ened by work hardening to give higher 
tensile strengths with increasing cad- 
mium contents. At —70°C, however, — 
the y phase, appearing in increasing 
amounts in the 2.65 to 10 pct range to 
form a grain boundary envelope, was 
probably brittle and the tensile strength 
of the alloy was thus determined by the 
strength of the continuous tin phase. 
Since the composition of this a tin 
phase remains essentially constant, its 
strength remained constant as shown 
by the fact that the tensile strength of 
the nominal 2.65 and 10 pct cadmium 
alloys is essentially constant. At 
—115°C, the fracture stress of the 
intergranular y phase increased, so that 
the net tensile strength of the 10 pct 
alloys is higher, and this strengthening, 
caused by the increase of the fracture 
stress of both the a and y phases, 
increased in degree as the temperature 
decreased. This accounts for the in- 
creasing slopes of the tensile strength 
vs. log composition curves as the tem- 
perature decreased. 

In the 20 and 33 pct alloys, the 
y phase was agglomerated into quite 
massive particles which probably be- 
came brittle before the continuous 
a phase, as suggested above. Thus 
since the composition of the a phase 
remained constant in the 10-20 and 
33 pct alloys Ts also remained con- 
stant. The maximum tensile strength, 
however, did continue to increase, pre- 
sumably because the fracture stress of 
the increasing y phase contributed 
appreciably, that is, corresponding to 
the amount of y present. The tensile 
strength at +23, —30 and —70 re- 
mains essentially constant in the 10 to 
33 pct composition range, either (1) be- 
cause the massive y phase is brittle 
and its fracture stress at all these tem- 
peratures is low so that the tensile 
strength of the alloy was determined 
by the constant composition a phase, 
or (2) at +23 and —30, the critical 
flow stress, work hardening contribu- 
tion and the fracture stress of the 
y phase is less than those of the a 
phase, and the latter still determined 
the tensile strength of the alloy. At 
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—115°C, the fracture stress of the 
y phase increased and the net tensile 
strength thus increased. At —155 and 
—196°C, that is, below the embrittle- 
ment temperature for both the a and 
7 phases, the increase of fracture stress 
with decreasing temperature accounts 
satisfactorily for the increase in tensile 
strength in the 10 to 33 pet cadmium 
range. 

Again, in the case of the 60 pct cad- 
mium alloy, the continuous a phase 
determined 7's, and thus, since the tin 
matrix is of constant composition, as 
in the 10 pct higher alloy, Ts, re- 
mained constant. The maximum tensile 
strength continued to increase, how- 
ever, for the same reasons as given for 
those in the 10 to 33 pct range. The 
tensile strengths at +23 and —30°C 
decrease slightly for the 60 pct alloy, 
probably because the critical flow 
stress, work-hardening contribution 
and fracture stress of the massive y 
phase is considerably less than the 
corresponding factors for the a phase. 
At —70°C, the 60 pct alloy is slightly 
stronger as a result of the increase of 
the fracture stress of the y phase with 
decreasing temperature. On the other 
hand, at —115°C the tensile strength 
decreased for this 60 pct alloy, possibly 
because the decrease of the work 
hardening component with decreasing 
temperature was greater than the in- 
crease of fracture strength accompany- 
ing this fall in temperature. The 
decrease of strength for this alloy at 
— 155°C cannot be explained according 
to this reasoning, and thence must be 
considered anomalous until more infor- 
mation is available. At —196°C, the 
abrupt improvement in strength for 
this alloy is undoubtedly a result of the 
increase of the fracture strength of both 
phases with decreased temperature. 

This correlation of microstructure 
and low temperature tensile properties 
has necessarily been qualitative, but it 
is hoped that these rationalizations 
may be helpful to design engineers who 
need to know the properties of similar 
white bearing alloys for low tempera- 
ture service. Certain anomalies have 
been pointed out throughout the dis- 


cussion, and as might be expected in. 


such survey investigations, many other 
undelineated questions must go un- 
answered at this time. A rather exten- 
sive long range fundamental research 
program on low temperature phe- 
nomena is underway in this laboratory, 
however, and it is hoped that a rigorous 
analysis of these and other related low 
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temperature behaviors will soon be 
forthcoming. 


Conclusions 


1. The tin-antimony alloys contain- 
ing up to 3 pct antimony remain duc- 
tile down to —100°C, whereas the 
10 pet antimony alloy becomes brittle 
at —60°C. Extrapolation would indi- 
cate that pure G(SbSn) is brittle at 
room temperature, a fact confirmed by 
other workers. Tin-cadmium alloys 
containing from 0.01 to 2.65 pct cad- 
mium become brittle below —120°C, 
while the 10 to 60 pct cadmium alloys 
as tested did not become brittle until 
about — 155°C was reached. Since these 
higher cadmium alloys were finer 
grained than the lower alloys, this 
behavior was interpreted as a grain 
size effect superimposed on a composi- 
tion effect. 

2. All the tin-binary alloys tested 
increased in strength as the tempera- 
ture decreased prior to embrittlement. 
This increase in tensile strength with 
decreasing temperature has been ex- 
plained on the basis of (1) the increase 
of the critical flow stress with de- 
creasing temperature, (2) the effects of 
work hardening accompanying plastic 
deformation below the recrystallization 
temperature, and (3) the increase of 
technical cohesive strength (fracture 
stress at nil cold work) with decreasing 
temperature. The properties measured, 
of course, were the net or composite 
strengths arising from the operation of 
these three factors on the two or more 
phases present in most of the alloys. 

3. Antimony in solid solution has 
little effect on the tensile strength at 
any temperature above and below the 
embrittlement temperature, but as a 
second phase, it greatly strengthens the 
alloys. Cadmium, on the other hand, 
has an appreciable strengthening effect 
above the embrittlement temperature, 
whether in solid solution or as a 
second phase. Below the embrittlement 
temperature, however, solid-solution 
strengthening is only slight, whereas 
cadmium-rich second phase (y) in- 
creases the strength markedly. 

4. Antimony raises the embrittle- 
ment temperature as soon as an anti- 
mony-rich phase appears. Cadmium, 
either in solid solution or as a second 
phase, has little effect on the temper- 
ature of embrittlement. 

5. The use of low temperature ten- 
sile tests to verify the solvus lines of 


binary phase diagrams near room tem- 
perature has been demonstrated both 
in the tin-antimony and tin-cadmium 
systems. 
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